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effects of VARIATIONS IN ACTIVITY, FOOD INTAKE A^ 
ENVIRONMENTAL TEMPERATURE ON WEIGHT GAIN 
IN THE ALBINO RAT* 

JOHN R. BROBECK 

From the Laboratory of Physiology, Yale UrUversity School of Medicine, New Haven 

Received for publication September 9, 1944 

Animal forms dispose of the energy of their foodstuffs in at least thr^ 
ways: 1, as mechanical work; 2, as heat, and 3, as energy ^ 

protein, fat or carbohydrate. The biochemical reactions associated with t 
Lrgv exchanges have been studied for at least fifty years am are begmning 
Tfifflirly well worked out. Little is known, however, of the mechanisms 
which regulate the rate of these exchanges and which determine whether 

will be stored or transformed to work or heat. -.u t.. 

In order to study these mechanisms of regulation, it is necessaiy either to 
control or to measure the variability of the four factors-food intake, wor 
heat, storage— which are believed, on purely theoretical grounds to make up 
the sum total of the energy metabolism of the animal. With certain precautions 
the food intake can be measured directly; the work output of tbe rat ca , 
dently be climated in the familiar “activity” cage; energy storage ‘ 
change the body weight of the animal and can be so determined; and the energy 
lost in maintenance of body temperature can be contrdled m noimal lats y 
keeping the animals in a constant-temperature room. e piocec j. j 

this investigation were based upon the foregoing considerations, 

Procedure. Twelve female albino rats of the Sprague- aw ey s .raiii w ^ 
„«d continuously from the .«e ot 4 to 10 .nonths In tune tto hc^y 
weight gradually increased from an average initial level of 142 (range . 

to 153.5) to an average of 170.5 (range of 167.0 to 179.5) grams. 1 ^cy remained 
in excellent condition and showed no evidence of dietary deficiency othei than 
the slow rate of gain in weight. They were fed a diet of fine y gioun 
Chow” mixed with an equal weight of water; weighed amounts of this food 
were given morning and night. Spilled food was weighed periodically; an 

1 Aided by a grant from the Fluid Research Fund of the Yale University School of 

""'ttt proposed also to present the technique in greater detail elsewhere in a paper 
entitled, “The use of ‘activity’ cages in quantitative metabolic experimentatio . 
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equivalent amount was then added to the next feeding. ^Spontaneous activity 
was estimated by means of “Veeder’’ counters connected to round cages fastened 
to horizontally mounted bicycle hubs. Water was always present in a small 
‘‘living” cage adjacent to each “activity” cage. All experiments were done in 
a constant-temperature room where the rate of circulation of air was also con- 
stant, Weight changes were followed by averaging the values obtained by 
weighing the rats at the morning feeding time of two consecutive days — the 
last day of each five-day period and the first day of the next period. 

Data have been represented graphically by plotting activity (average nufliber 
of revolutions per day per 5-day period) against weight change (grams per 5-day 
period). Each point on a graph represents the weight change and activity of 
one rat for one 5-day period. Regression lines have been drawn by inspection 
(broken lines) and by the method of least squares (solid lines). 

Results, Activity and weight gain. When environmental temperature and 
food intake were constant, a negative correlation was found between activity 



Figs. 1 and 2. Negative correlation between weight change and activity in female rats 
on a constant food intake in a constant-temperature room. * Cages locked. 

, and weight gain (figs. 1 and 2). Under the conditions of these experiments, rats 
in cages locked to prevent rotation gained about 5 grams/5 days, while active 
rats lost as much as 5 grams/5 days. It was possible to make the rats gain or 
lose at will by locking or unlocking the cages. 

Food intake and weight gain. When weight change was plotted against 
activity, the position of the resulting curve upon the graph was observed to 
vary with the food intake of the rats when environmental temperature was 
constant. An increase of 15 per cent in the food intake elevated the weight 
gain of inactive and active rats by about 5 grams/5 days (fig. 3), while an increase 
of 25 per cent effected a proportionately greater augmentation (fig. 4). Under 
the conditions of this experiment, therefore, the weight gain varied with the food 
intake when the environmental temperature and activity were constant. (On 
figs. 3 and 4 the terms “Diet A” and “Diet B” identify two separate shipments 
of chow, the calorific values of which were evidently unequal as measured by 
this technique.) 

Envirmmenkd temperature and weight gain. When weight change was plotted 
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against activity, the position of the resulting curve upon the graph varied with 
the environmental temperature when the food intake was constant (fig. 5). 
Elevation of the room temperature from 70° to 86°F. doubled the weight gain 
of inactive rats and added about 6 grams/5 days to the expected weight change 
of active animals. 




Fig. 5. Negative correlation between weight change and activity in female rats on a 
constant food intake at 70° and at 86°F. * Cages locked. 

Consistency of the data. Figure 5 also gives some indication of the consistency 
of these data since it includes the results of 3 different experimental periods 
extending throughout an interval of 50 days (periods 25, 31 and 34). On the 
vertical axes of the graph most of the points are within ±3 grams of the regres.sion 
line; this deviation, if it represents the error in obtaining the true weight of- the 
animals, is an experimental error of ±2 per cent in weighing rats of about 150 
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pams. The magnitude of the changes produced by altering activity, food 
intake or environmental temperature appears to be well outside the range of 
this variation. 

Although 12 rats were used throughout, many of the graphs include fewer 
than 12 points because of the omission of points determined within the first 
6 days after a given cage had been either locked or unlocked. Whenever feeding 
habits or temperature regulation was found to be disturbed in a rat, the data 
from that period were likewise discarded. The significance of changes in the 
slope of the regression lines is not clear because the experiments are as yet too 
few in number conclusively to establish the true slopes of the lines. 

Discussion. These experiments suggest that food intake, activity and 
temperature regulation in the rat are in a certain sense independent variables 
upon which weight gain depends. W'hen there is an exce.s8 of energy supply 
over expenditure, storage occurs; if there is no surplus, the animal apparently 
does not create one by lowering its body temperature or by decreasing its loco- 
motor activity. For example, under conditions where rats in locked cages 
consistently gmned about 1 gram/day, animals in unlocked cages ran enough 
to bring about persistent weight loss. 

Since normal animals are obviously able to regulate food intake, activity 
and body temperature, these experiments also suggest that this technique 
may be used in attempting to localize the regulatory mechanisms. Disturbances 
in the regulation of body temperature, (1) of activity, (2) and of food intake, 
(3) have already been reported in experimental animals with hypothalamic 
lesions. The hypothalamus, therefore, may prove to be the level of the central 
nervous system at which integration of the control of energy exchanges takes 
place. 

The energy relationships described here are in complete agreement with the 
principles of thermodynamics, and could have been rather fully predicted from 
the calorimetry and oxygen consumption studies of Rubner, Benedict, Lusk, 
DuBois and many others. In contrast to the usual calorimetric experiment, 
however, the present series represents an attempt to study over relatively long 
periods of time the sum total of the energy exchanges of animals while they 
pursue their usual laboratory routine of eating, drinking, activity, rest, waking 
and sleeping. By means of the technique outlined here it is relatively easy to 
perform a type of balance experiment which otherwise requires facilities for 
24-hour direct or indirect calorimetry under conditions where it is diflicult to 
measure spontaneous locomotor activity. 

SUMMARY 

The following relationships have been observed in the energy disposition of 
female albino rats: 

1. There was a negative correlation between weight change and activity 
when food intake and environmental temperature were constant. 

2. Increasing the food intake increased body weight gain when activity and 
environmental temperature were constant. 
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3. Weight gain was greater at 86° than at 70°F. when food intake and activity 

Since the regulation of body temperature, of activity, and of food mtake 
has been shown to be disturbed in animals with hypothalamic lesions (see 
references), the hypothalamus may be the level of the central nervous system 
responsible for control of energy exchanges. 
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Measurements of the course of dark adaptation by the method of flash percep- 
tion are usually represented by smooth curves which drop rapidly and steadily 
toward an asymptote parallel to the time axis. These smooth curves are drawn 
so that the data are distributed symmetrically about it and the variations are at- 
tributed to random error. Good examples of this method of presentation may be 
found in the work of Hecht and colleagues on dark adaptation (Hecht et aL, 

1937 ). 

When the terminal dark adapted threshold is measured by repeatedly present- 
ing the stimulus (flash or form) at a given brightness, it is found that the number 
of correct responses depends on the brightness level at which the stimulus is pre- 
sented. The curve obtained by plotting the number of correct responses against 
the logarithm of the brightness of the test field is known as the ‘‘frequency-of- 
seeing” curve. As the brightness level of the stimulus is increased the fre- 
quency-of-seeing’' curve ascends continuously from the asymptote at which no 
correct responses are given to the asymptote at which correct responses are always 
given. Hecht (1942) explains the existence of the ‘‘frequency-of -seeing’’ curve 
on the basis of the number of light quanta reaching the eye. Other investigators 
have referred to an instantaneous probability of seeing existing as a continuous 
function of the stimulus brightness without ascribing any underlying mechanism. 

Allen (1929) postulated what he termed the 'The Neural Oscillatory Effect.’" 
It is his conception that a stimulus applied to a sense organ generates nervous 
impulses which are conducted to the nerve centers. These nerve centers in con- 
sequence release energy in the form of efferent impulses which are conducted back 
to the stimulated sense organ. The magnitude of response of the sense organ to 
a second stimulus depends upon the phase of the neural oscillation cycle which is 
at the moment predominant. 

Allen considered that his data presented evidence that the corresponding 
nervous systems on the two sides of the body may oscillate in opposite phases as 
well as in the same phase. The responsiveness of one side may be depressed 
while that of the other side is enhanced, with resulting phenomena of neural 
interference, reinforcement and resonance. 

The authors of this paper have observed periodic fluctuations in the dark adapta- 
tion curves of a number of human subjects. These fluctuations are especially 
noticeable in the terminal threshold. They have periods and amplitudes of the 
correct order of magnitude to explain the existence of the frequency of seeing 

m 

^ The opinions and views set forth in this article are those of the authors knd are not to 
be considered as reflecting the policies of the Navy Department. 
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curves However, the periods of the fluctuations are too long to be satisfied by 
either the quantum or the more vague instantaneous probability hypotheses. 
They are observed in each eye independently and the two eyes can be m phase or 
out of phase. Binocular thi-esholds exhibit variations in amplitude of fluctuation 
such as would be produced by interactioiubetween two loosely coupled, oscillating 

systems having slightly different periods. 

Apparatus and technique. The data presented have been drawm from 
tests in a variety of experiments, few of which were designed to explore the subject 
of this paper. Examples which best illustrate the charactenstics of the fluctua- 
tions have been deliberately chosen. About one-third of the subjects examined 

for various purposes exhibited the phenomenon. _ 

The adaptometer used to make the measurements was constructed in this 
laboratory. The test field is a flashed opal glass plate subtending 3 degrees at 
the subject’s eyes. It is illuminated by an incandescent source. The bnghtness 
is controlled by means of a neutral glass wedge and filters taken from a Hecht- 
Shlaer adaptometer. The subject controls the brightness by means of a rod 
chain and sprocket arrangement. The distance from subject to test field is 4.6 
feet. A synchronous motor and sector disk interrupt the light from the source 
producing 1.2 blinks per second of approximately equal light and dark phases. 
Five small luminous red dots forming a centered square are located 7 degrees 
above the test field and constitute the fixation pattern. Readings are taken 
every half minute. Starting well below the threshold the subject manipulates the 
brightness control until the test field is just visible, then he decreases the bright- 
ness until the test field is just extinguished. The mean of the logarRto of these 
two brightness readings is taken as a measure of the threshold. The booth m 
which the adaptometer and subject are located can be illuminated uniform y 

when it is desired to light adapt the subject. 

Results. The fluctuations were first observed while the authors were meas- 
uring the effect of exposure to red light of various intensities on the course of dar 
adaptation (IB). The fluctuations were attributed to after images peculiar to 
red light exposure. Subsequent tests following preadaptation to white light of 
comparable intensities contained fluctuations of the same period and ampli- 

^'^It was noted that the amplitude, and to a lesser extent the period of fluctua- 
tion, varied from day to day. In order to learn whether or not the pattern was 
reproducible within the same test session, a series of paired tests was run wuth a 
30 minute interval between them. Test conditions between pairs and from day 
to day in this series were identical. Binocular vision was used throughout. 
On some days both tests exhibit fluctuations similar to the examples sho\ra 
(fig 1C) while on another day the fluctuations are for the most part absent m 
both tests (fig. ID). The smooth pattern is atypical for this particular individual, 

but for some subjects it is the customary one. v j • x 

In two of the examples of fluctuations (1 A and 1C) they appear to be d^g out 
toward the end of the test period. In a binocular test in which a subject had 
been dark adapted for 30 minutes before the beginnmg of the test, however, the 
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fluctuations were negligible during the first 5 minutes, but then increased in ampli- 
tude and persisted during the remaining 25 minutes (fig, 2 A) . Monocular meas- 
urements of the threshold for the same subject, W., (fig. 2B) show an oscillation 



Curves showing fluctuations in the threshold during the first 30 minutes of dark adaptation. 

Fig. lA. Subject L., 3/4/43. Following exposure to white light of 25 millilamberts 
brightness, Pj 

Fig. IB. Subject B., 8/9/43. Following exposure to red light. H 

Fig. 1C. Subject F., 3/28/44. Following exposure to white light of 25 millilamberts 
brightness. This exposure was repeated 30 minutes later and the second test is charted 0.5 
log units below the first. 

Fig. ID. Subject F., 3/23/44. Same exposures and procedure as in figure 1C., above. 

of the same period and amplitude as those taken binocularly. Data obtained 
when measurements are taken alternately with the right and left eyes show that 
the two eyes may be in (first 20 min.) or out (last 10 min .) of phase (fig. 2C) . The 
binocular response (fig. 2D) might be explained by an interaction between two 
eyes out of phase interfering destructively with each other (in a sequence similar 
to that appearing in fig. 2C). 
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Fluctuations also occurred in the dark adaptation curves when subjects were 
tested by means of apparatus, techniques, and under conditions other than those 
specifically described above. These conditions are listed below without illustra- 
tion or discussion: 

a. Mydriasis produced by paradrine, apparatus and test conditions as de- 
scribed in this paper. 



Tims in Dork (minutts) 

Fig. 2. Thresholds for subject W. after 30 minutes in dark 

6. Adaptometer modified by using a 5 degree test field, 7 degrees above a single 
red fixation point. Subject responded to appearance of flash only. 

c. Test conditions unchanged but sector disk removed. Subject maintained 
brightness at the threshold* 

d. Adaptometer same as described in body of paper but a different sector disk 
substituted which gave a very small light-to-dark ratio (roughly 1/5 sec. light 
to 1 sec. dark). 
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e. Hwht-Sehlaer adaptometer (one subject) conditions: 3 de^ee test field, 
7 degree fixation, 1/5 second fiash. 

SUMMARY AND CONCLUSIONS 

1. Periodic fluctuations have been observed in the dark adaptation curves of 
approximately one-third of the subjects tested in this laboratory during the past 
year. These fluctuations are especially noticeable near the terminal threshold 
and may persist without diminishing for at least an hour after exposure to light. 

2. The magnitude of the fluctuations is sufficient to account for the “fre- 
quency-of-seeing” curves obtained when dark adaptation is measured at the 
terminal threshold by repeated stimuli and the number of correct responses re- 
lated to the stimulus brightness. 

3. The period of the fluctuations is too long to permit explanation by either the 
quantum hypothesis of Hecht or by any type of instantaneous probability hy- 
pothesis. 

4. Amplitude and period of fluctuation may vary from day to day but are 
remarkably similar when the same subject is tested twice with a half-hour rest 

period between tests. • i • 

5. Binocular tests usually show changes in amplitude of fluctuation during 
the course of the test. These changes are much, less noticeable in monocular 
tests or in tests in which each eye is tested alternately (alternate monocular 

tests). • u u 

6. The fluctuations observed in one eye may be in or out of phase with those 

observed in the other eye. 

7. Comparison of binocular and alternate monocular tests indicate that inter- 
action between the two eyes may produce the changes in amplitude of fluctuation 
observable in binocular dark adaptation tests. 
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Marked individual differences are now known to exist in resistance to the 
circulatory failure induced by the centrifugal forces encountered in the operation 
of aircraft. Poppen (1941) and Graybiel and McFarland (1941), believing 
that inadequacies in the cardiovascular response to changes in posture on the 
tiltboard leading to fainting might be associated with a tendency to ‘'blackout^' 
in flying maneuvers, have suggested the development of a tiltboard test for 
measurement of physical fitness with special reference to aptitude for this type 
of flying. 

The data reported here are offered as a basis for standard tiltboard test. We 
have been particularly concerned with attempting to characterize those subjects 
who fainted on the tiltboard (‘‘fainters^^) in contrast with those wiio do not 
(‘‘nonfainters’O by comparing various cardiovascular measures of the tw^o groups 
at rest, during and following exercise, and during tilting (before fainting). We 
have also sought to determine whether physical training could improve the 
resistance of “fainters’’ to gravitational stress. 

Methods. Our tiltboard is an adaptation of the hip-suspension type described 
and used by Mayerson of Tulane University.* The subject is supported at the 
hips by a shaped, sponge rubber padded crossbar which bears on the tissues 
over the iliac crest, the buttocks fitting into a shallow concave depression in the 
plywood top extended by a rounded cross cleat to prevent slipping down. In 
the present series of experiments, obseiwations were made wdth the tiltboard 
in the horizontal (‘'reclining”) position and at a 70° angle (“tilted”). 

When the body weight is supported at the hips, as in this apparatus, the 
muscular activity of the legs occurring w^hen a footboard is used is avoided. 
Accordingly, our arrangement identifies more fainters than did that of Graybiel 
and McFarland who used a footboard. That this result is not due to occlusion 
of the venous return by the pressure of the crossbar on the femoral triangles is 
shown by absence of subjective or objective signs of arrested circulation even 
when subject^ on the tiltboard in the horizontal position w^ere “overclamped”. 

Of the 91 subjects employed in this study, 50 w^ere enlisted men from the 
Moffett Field Air Base and 41 were unselected male college students. In 
general, all subjects were between 18 and 28 years of age, enjoyed good health, 
were free of medical defect, and did not depart in any known way from a repre- 

^ The work deecribed in this paper was done under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development and 
Stanford University. 

* Details of the tiltboard were kindly supplied by Doctor Mayerson 
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86titative sample of young men. With the exception of a few afternoon ex- 
periments the tests were conducted during the period 8 to 12:30 a.m. No 
subject was tested within an hour and one-half after the preceding meal. 

Certain personal and anthropometric data were taken. Each was then given 
a short cardiorespiratory fitness test and after at least thirty minutes of rest 
the tiltboard test was carried out as follows: 

The subject was clamped on the board and immediately tilted to check the 
adjustment of the clamp. He was then returned to the horizontal position for 
17 minutes, during the last 7 of which heart rate and blood pressure were deter- 
mined. The table was next tilted to 70^ and these determinations repeated 
every minute for 20 minutes. Careful watch was kept for signs of circulatory 
failure: pallor, coldness or cyanosis, ‘'emotionar’ sweating, restlessness, pupillary 
dilatation, and marked changes in respiratory rate or depth. The subject was 
asked to report any symptoms such as dizziness, faintness, nausea, darkening of 
the visual field, b'l’eathlessness or palpitation. If the subject fainted or appeared 
certain to faint before 20 minutes, he was immediately returned to the horizontal 
position and the experiment terminated. 

The subjects were questioned for history of previous fainting under any 
circumstances, or of dizziness, faintness, or other difficulties on arising or pro- 
longed standing. 

Results. Of the 91 subjects, 20 (the ^'fainters’O suffered acute circulatory 
collapse sometime before the end of the 20-minute tilting period; the remaining 
71 (the ‘‘nonfainters’’) were able to complete the experiments. The performance 
of these two groups on the tiltboard will now be considered. 

1. The nonfainters' response to tilting was characterized particularly by main- 
tenance of heart rate and blood pressure readings at a relatively constant level 
during the experiment (fig. 1). This is also true for cardiac output, according 
to the observations of Starr and Rawson (1941) and of Mayerson (1943). The 
absolute level of these functions was quite variable, but, as a group, heart rates 
were lower and blood pressures higher than those of the fainters. Heart rates 
(with one exception) ranged between 80 and 90. None of the nonfainter group 
had a pulse pressure consistently under 20 mm. during the tilting period. Al- 
though a few of these subjects made minor leg movements, as a rule they re- 
mained completely quiet. In several, paling of the face and dilatation of the 
pupils occurred, but in no case were these marked. 

Graybiel and McFarland (1941) classified their subjects into fainters, non- 
fainters and intermediates. Since only three of our nonfainters showed symptoms 
and signs of circulatory failure (but were able to complete the* experiment without 
more than minor discomfort and adequately maintained heart rates and blood 
pressures throughout), we have adhered to the fainter-nonfainter classification. 
Probably the intermediate group of Graybiel and McFarland, who had the 
support of a footboard, would have fainted on our tiltboard. 

2. The fainters (not always allowed to reach unconsciousness) were tilted 
back to the horizontal as soon as the occurrence of syncope was certain. The 
time from tilting to this endpoint varied from 4 to 20 minutes, the intermediate 
cases beii^ fairly evenly distributed throughout the intervening period. 
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The behavior of fainters during tilting did not differ detectably from that of 
nonfainters until about 4 minutes before the endpoint. It was in this interval 
that such signs as pallor of the face and chest, cyanosis, yawning, compulsive 
restlessness, etc., appeared in marked degree. Concomitantly, notable changes 
in the circulatory functions were observed. These trends are represented in 

z 100 



iO 
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TIME IN MINUTES 
Fig. 1, Mean curves 

O o Fainters 

O — O Nonfainters 

figure 2, in which the values plotted at 0 were the last obtained on the subjects 
before fainting, those at 1 the values one minute before fainting, and so on back 
to a time #minutes before fainting. The curves have been plotted on semilog 
co-ordinates in order to show their relative rate of change. Since the meaningful 
events are distributed with respect to the time of fainting, not to the beginning 
of the test, and are similar whether the subject faints at 5 or 18 minutes, this 
method of combining the data is the only one which would preserve the significant 
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features of the responses. The cuiVe of the mean response on elapsed time 
(fig. 1) is irregular due to the random combination, over the entire twenty- 
minute test period, of the various asynchronous prefainting periods. 

From the fourth to second minute before fainting, heart rate and diastohc 
pressure remained virtually unchanged, while systolic pressure, and with it 
pulse pressure, underwent a pronounced fall. This drop, amounting to about 
30 per cent of the preliminary value, is the most remarkable change in the functions 
studied. During this phase it appears that compensatory vasoconstriction 
was adequate to maintain the diastolic, and in large part the mean artenal 
pressure even in the face of clearcut evidence of a falling cardiac output, as 
shovm by pulse pressure and pulse product curves. (The fall in cardiac output 
has been directly demonstrated by the ballistocardiographic study of Starr and 
Rawson (1941) and by the roentgenkymographic study of Mayerson (1943).) 
During the next minute, 2nd to the 1st, the diastolic level dropped 8 mm. Since 
the systolic pressure also fell about 8 mm. the pulse pre.ssure was unchanged, 
indicating that no further alteration in stroke volume occurred. In the last 



PULSE PRESSURE 
PULSE PRODUCT 

HEART RATE 
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TIME IN MINUTES 


Fig. 2. Fainting trends in circulation 


minute, the fall in diastolic pressure was accelerated, but that of systolic pressure, 
more markedly so, with the result that pulse pressure dropped to 16 mm., then 
approximately 50 per cent of the preliminary reading. The mean pressure 
(diastolic + one-third pulse pressure) was 70 mm. in the last minute. 

In most cases recovery quickly followed the return to the horizontal position, 
occasionally it was facilitated by raising the legs above the body. In no case 
did any unpleasant effects persist afterward, and there is no evidence that the 

test is harmful. . 

Correlates of tiltboard response, 1. Previous history of fainting under circum- 
stances strongly suggestive of orthostatic insufficiency was obtained from 16 
of the 20 fainters, and from only 9 of the 71 nonfainters. This information, 
while open to obvious objection, nevertheless speaks rather for a constitutional 
inadequacy than for temporary indisposition of the subjects at the time of 

testing. ^ 

2. Po^exercisecollapse occurring insubjects who remain stahding aJler vigorous 
exercise, is doubtless the ^‘Sportkrankheit’^ of Mateef (1936) and others. In 
this laboratory Taylor and Allen (1941) found that 17 of 100 subjects who ran 
to exhittislion on the treadmill displayed during subsequent standing circulatory 
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failure with fainting essentially similar to that occurring on the tiltboard. Of 
12 subjects subjected to both tiltboard and post-exercise tests, 8 fainted in both, 
the remaining 4 in neither. There is thus evidence of a high correlation be- 
tween the tendencies to faint under these two circumstances. 

3. Cireulatory and other measures at rest and after exercise. Since all of our 
subjects tested on the tiltboard had been given a submaximal exercise tolerance 
test, it became possible to compare fainters and nonfainters with respect to 
certain resting and post-exercise measures. The comparison, with measures of 
significance, are given in table 1. Of the measures listed therein, mean standing 
pulse pressure, which is smaller in fainters than nonfainters, is the only one in 
which these groups differ significantly. It must be concluded that neither the 

TABLE 1 

Comparison of tiltboard fainters and nonfainters on certain resting and post-exercise functions 


AVERAGE VALUES 



Fainters 

Nonfainters 

Difference 

P* 

Age 

22.5 

22.1 

0.4 

610 

Weight (kilos) 

73.5 

70.6 

2.9 

246 

Height (cm.) 

178.0 

175.8 

2.0 

208 

Post-ex. heart rate 

124.1 

118.3 

5.8 

112 

Post -ex. breath-holding 

18.4 

17.8 

0.6 

624 

Standing heart rate 

90.3 

90.1 

0.2 

944 

Standing systolic 

124.1 

129.8 

-5.7 

93 

Standing diastolic 

80.0 

79.4 

0.6 

826 

Standing pulse press 

44.1 

50.1 

-6.0 j 

20 

Reclining heart rate 

73.2 

71.0 

2.2 i 

374 

Reclining systolic 

122.1 

122.2 

-0.1 j 

968 

Reclining diastolic 

81.0 

79.0 

1.9 

162 

Reclining pulse press 

41.2 

43.2 

2.0 

254 

Treadmill score 

10.2 

11.1 

-0.8 

390 


* Times m 1000 that such a difference could have arisen from chance, obtained from the 
ratio of difference to its standard error. 


measures taken in the resting state nor after, mild exercise, used singly or in 
combination, serve to predict whether a subject will faint on the tiltboard. 

All of the subjects also ran to exhaustion on an inclined treadmill. The scores 
for this performance were 10.25 for the fainters and 11.10 for the nonfainters. 
Since the difference could occur about once in three times by chance, it is not 
significant for this group. Thus, the tolerance for maximal exercise is not 
closely enough related to the tendency to collapse on the tiltboard to be used to 
predict fainting. 

4. Prefainting response on the tiltboardy if it could be used to predict the occur- 
rence of collapse, might permit the development of a short form of the tiltboard 
test. The changes in heart rate and blood pressure upon rising to a standing 
position after a period of reclining rest, collectively constituting the Crampton 
reaction (Crampton, 1905), are induced on the tiltboard although in modified 
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loriD since the active assistance of weight-bearing muscles to venous return is 
eliminated by the hip suspension. Nevertheless the heart rate and blood pressure 
respond to tilting in the same manner as in the Crampton test. The mean 
values of the changes in these functions during each of the first three minutes 
of tilting are given for fainters and nonfainters in table 2. 

The slightly greater rise in heart rate, greater fall in systolic and pulse pressures, 
and smaller rise in diastolic pressure shown by the fainters are adverse signs 

TABLE 2 


The average heart rate and blood pressure responses of fainter and nonfainter groups to the 

first four minutes of tilting 



RECLINING 

CHANGE ON TILTING 

FOURTH 

MINUTE 


1st min. 

2nd. min. 

3rd min. 

Heart rate ' 

Fainter 

73.3 

11.0 

12.5 

13.5 

89.5 

Nonfainter i 

71.0 

8.9 

12.2 

13.6 

84.8 

Systolic 

Fainter 

122.0 

-4.0 

-8.8 

-5.8 

116.1 

Nonfainter 

122.2 

-3.1 

-2.6 

-2.2 

119.0 

Diastolic 

Fainter 

80.9 

4.1 

5.4 

4.0 

85.6 

Nonfainter 

79.0 

5.1 

6.2 

6.8 

83.8 

Pulse press. 

Fainter 

41.1 

-8.1 

-14.2 

-9.8 

30.5 

Nonfainter 

43.2 

-8.2 

-8.8 

-9.0 

35.2 






according to the rating of these items both in the Crampton test and in the 
Schneider index (Schneider, 1920). The average scores on these tests are: 

Crampton Schneider 


HR SP 

Fainters 50 2—1 

Nonfainters 60 2 0 


The ten point difference in Crampton score, in the light of the large and un- 
accountable variation in Results usually found with this test, is without practical 
significance. Likewise, differences in Schneider scores are too small for confidence. 

Even at the fourth minute, chosen on the basis of the data of figure 1 as the 
most suitable time for contrasting fainters and nonfainters, the differences between 
the mean circulatory values (given in table 2) are not significant, since they could 
occur 82 times in 1000 by chance. Accordingly, the conclusion must be drawn 
that in this group heart rate and blood pressure data taken early in the tilting 
period give no basis for the prediction of fainting. 

Preventim of by leg bandaging. Pooling of the blood in the 

abdomen and legs is in part responsible for the circulatory failure in orthostatic 
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syncope; thus, Turner, Newton and Haynes (1930) reduced tiltboard fainting 
by the use of tight abdominal bands, while Mateef and Schwartz (1935) pre- 
vented “Sportkrankheit” by bandaging of the legs, and Brogdon and Hellebrandt 
(1939) avoided orthostatic syncope by immersion of the subject in water up 
to the waist. 

The response to bandaging was shown in one subject who fainted after 3| 
minutes of tilting. He was then returned to the horizontal, and after one leg 
was bandaged, tilted again. After 9 minutes, during which there was no tend- 
ency toward fainting, the bandage was removed, this bringing on collapse in 
4 minutes. This, and similar cases, leaves little doubt that increased leg volume 
is an important factor in the production of orthostatic circulatory failure. 

Prevention of tiltboard fainting by physical training. Certain observations 
in the literature suggest that physical training can improve the tolerance of 
fainters to standing. Turner (1927) found that physical education students 
responded better to the prolonged standing required in her test than did other 
unselected female subjects, while Graybiel and McFarland (1941) noted im- 
provement in the response of a subject following a six-month physical training 
program. 

Identical twins, W. G. and M. G., who were discovered to be tiltboard fainters, 
were engaged for study of this matter. They were wiry and athletic but not 
outstanding physical specimens. Their medical history revealed no important 
diseases or defects, and their health was good. 

At the beginning of the experiment, which lasted almost three months, W. G. 
fainted after 4 minutes of tilting, M. G. after 3 minutes. M. G. was then put 
on a training program consisting of graduated abdominal and trunk exercises. 
After one week of this regime he fainted on the tiltboard at 6 minutes, after two 
weeks at 12 minutes, and after three and four weeks went through the twenty- 
minute tilting period without fainting. Meanwhile his brother, W. G., serving 
as a control, fainted after one week at 6 minutes, after three weeks at 10 minutes, 
and after*four weeks at 7 minutes. Thus, M. G. became a nonfainter while 
W. G., living under conditions practically identical except for the absence of 
specific physical training, remained a fainter. 

At this point W. G. was put on the training program; after one week he 
fainted at 14 minutes, after three weeks at 17 minutes, after 5 weeks at 11 
minutes, while after 6 weeks, not at all. The beneficial effect of training is 
again in evidence although M. G. improved at a slower rate than his brother. 

Meanwhile the training (both the specific program and the classwork in 
physical education) of W. G. was discontinued. In weekly tiltboard tests 
conducted over the period of six weeks he continued to endure twenty minutes’ 
tilting without fainting. Thus we have no evidence for regression during this 
time of the improved circulatory adaptation gained by appropriate physical 
training, 

A similar result was obtained on another subject (J. W.), who originally 
fainted on the tiltboard after 3 minutes, but who during a three-weeks program 
(badminton, rope skipping and abdominal exercises) gradually increased the 
time and finally reached the criterion required for classification as a nonfainter. 
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It is notable that none of our three subjects could be regarded as below average 
according to usual standards of fitness. All were active and by no means sed- 
entary in habit. As has been noted above, tendency to faint on the tiltboard 
or while standing is not closely related to exercise tolerance. One must conclude 
that the physical training prescribed in our experiments counteracted the ortho- 
static weakness in a rather specific manner. 

Discussion. One of the purposes of this study was to determine the incidence 
of orthostatic insufficiency in a population of young men pronounced both 
medically and physically fit by ordinary standards. Twenty-two per cent 
(20 in 91) of the college and Army subjects tested on the tiltboard fainted during 
the* twenty-minute experimental period. Of 20 medical students similarly 
studied on the tiltboard, 20 per cent fainted. A third group was required to 
stand for ten minutes immediately after an exhausting run on the treadmill; 
17 per cent (17 of 100) of these fainted. If it be granted that post-exercise 
collapse is essentially similar to tiltboard fainting, then we have 211 cases in 
three samples which agree in demonstrating an incidence of about 20 per cent 
of marked orthostatic insufficiency. 

Since we have ignored those cases which showed circulatory embarrassment 
though short of fainting, the estimate of 20 per cent is conservative. 

The only comparable estimate of orthostatic collapse incidence found in 
literature is that of Graybiel and McFarland (1941) who studied 91 pilot cadets 
on a tiltboard. Of these 9 collapsed during a twenty-minute period and 13 
made a ^‘poor response'^ although they did not faint. Since these workers used 
an ordinary examination table with footboard tilted to 65° (in contrast to our 
hip suspension board at 70°), it is reasonable to assume that some of their 13 
cadets displaying a “poor response^^ would have fainted on our tiltboard. If so, 
their incidence would agree closely with ours. 

Our efforts to discover measures of the individual which might predict fainting 
on the tiltboard without requiring the twenty-minute test were unavailing. 
Neither studies of the circulation at rest, after exercise, or during a biief period 
of tilting, were adequate. There is at present no reliable means of identifying 
fainters other than the demonstration of fainting in the tiltboard test. 

Finally, we wish to emphasize that the relationship between orthostatic 
inadequacy and exercise tolerance is so slight that it does not satisfy statistical 
measures of confidence in any single investigation. Nevertheless the tendency 
though slight is consistent. Nonfainters have higher treadmill scores, lower 
resting and post-exercise heart rates, longer breath-holding times, and, in the 
change from reclining to tilted positions, show a lesser acceleration of heart 
rate and a smaller drop* in systolic pressure. All of these characteristics have 
been shown to relate to the general fitness of the individual, by such investigators 
as Grampton (1905), Schneider (1920), McCurdy and Larson (1939), and Johnson, 
Brouha and Darling (1941). It has not been so easy, however, to develop a 
statistically valid and reliable formulation of these measures in a test, and 
undoubtedly there are even more essential measures not yet incorporated in 
any test. Consequently, available tests, chiefly validated by the method of 
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individual differences, may fail miserably in assessing the fitness of the individual 
as it varies from time to time. 

Finally, we may consider the bearing of our results on the suggestion of Poppei^ 
and of Graybiel and McFarland that the' tiltboard response be used as in se- 
lecting men with high resistance to acceleration. Since none of the procedures 
purporting to test physical fitness made possible prediction of tiltboard circulatory 
collapse, it seems improbable that they would predict a tendency to ' ‘blackout'^ 
in flying. The predictive value of the tiltboard response itself may even be 
doubted : extrapolation from this test, in which a force of 1 G acts for 20 minutes, 
to conditions in flying where a force of 5 to 7 G acts only for several seconds is 
hardly justifiable. Until the tiltboard responses of a group of subjects have 
been compared with their actual ratings, this test cannot be considered a valid 
measure of fitness to withstand centrifugal forces. 

SUMMARY 

Fainters comprise about 20 per cent of the 111 young healthy men tested on 
a tiltboard at 70° with hip suspension, and about the same percentage of such 
men standing quietly after running to exhaustion on a treadmill. Individuals 
fainting in one of these situations were very likely to faint also in the other, and 
to have a past history of fainting. 

The course of the heart rate, and of systolic and diastolic pressures of fainters 
and nonfainters on the tiltboard was not significantly different until about four 
minutes before collapse. The first sign of circulatory failure was a fall in systolic 
pressure, followed after a minute or so by decline in the diastolic pressure. 
Both fell precipitously in the last minute. In half of the cases the heart rate 
either did not change or rose; in the other half it showed a pronounced fall. 
Evidences of cerebral anemia appeared about three minutes before collapse. 

No reliable sign was afforded by the circulatory data obtained during the 
resting state, after standard exercise, or on the tiltboard previous to the onset 
of collapse which might have predicted fainting. Fainters could only be iden- 
tified by carrying through the tiltboard test itself. 

While the average score in a maximal exercise tolerance test on a treadmill 
was lower for fainters, the difference was not significant. Accordingly, the 
ability to meet the stress of vigorous exercise and of prolonged quiet standing are 
two fairly distinct aspects of physical fitness. 

By means of an appropriate program of physical training lasting several 
weeks, fainters may develop the ability to withstand gravitational stress. This 
has been demonstrated on identical twins, both fainters at the onset, one of 
whom served as a control. Evidently the physical training counteracted the 
orthostatic weakness in a somewhat specific manner. 
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Haldane (1909) stated that in still air resting men cannot tolerate wet bulb 
temp)eratures above 90°F. and that when the air is saturated at this temperature, 
body temperatures rise until symptoms of heat stroke develop. McConnell, 
Houghten and Yaglou (1924) also concluded that saturated still air at 90°F. is 
the upper limit of the environment in which man is able to maintain heat equilib- 
rium. Cadman (1913) found that men could not work in coal mines when the 
air temperature was 86°F. with 100 per cent relative humidity. Data of Dreosti 
(1935) indicate that the above limiting values may be too conservative. His 
acclimatized, heat tolerant men could do light work and maintain heat equilib- 
rium in an atmosphere with 95°F. dry bulb and 95‘^F. wet bulb. Winslow, 
Herrington and Gagge (1937 and 1938) and Gagge, Herrington and Winslow 
(1937) have calculated contour lines on the psychrometric chart representing the 
upper limits of the zone of evaporative regulation of heat by men at rest as it is 
affected by air movement, temperature and humidity. At high humidities 
their limiting environments for resting men are about the same as those of 
Haldane and of McConnell et al. A series of studies was made by Houghten 
and Yaglou (1923), Yaglou and Miller (1925), Houghten, Teague and Miller 
(1926) and Houghten and Teague (1928) to determine the effects of variations 
of air movement, temperature and humidity on the subjective comfort of men 
both at rest and at work. From their data these authors have drawn contour 
lines of effective temperatures on psychrometric charts, each line representing 
conditions having equal effects on the comfort of the subjects. Gagge, Her- 
rington and Winslow (1937) have drawn a contour chart in the zone of evapora- 
tive regulation of body temperature indicating biothermally equivalent 
temperatures in relation to wetted area of the skin and to air temperature and 
humidity. 

Since the practical observations of limiting hot environments have been largely 
in the zone from 95 to 100 per cent relative humidity and do not all agree with 
each other, the present study has been made to check those values and to extend 
physiological observations to higher temperatures with lower humidities. Be- 
cause the effective temperatures of Houghten and his colleagues are based on 
judgment of comfort and the biothermally equivalent temperatures of Gagge 

1 Acknowledgment. The work described in this paper was done under a contract, recom- 
mended by the Committee on Medical Research, between the Office of Scientific Research 
and Development and Indiana University. 

The authors ^re indebted to Leon Glatt, Anglo Justiss, Walker Kirkes, H. W. Safford and 
Merrill Sanger who acted as technical assistants and subjects in these experiments. 
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et al. are based to a considerable extent on mathematical treatment of physical 
data we have attempted in this study to establish experimentally an evaluation 
of the effects of various environments based entirely upon the heat' regulatory 
responses of men. We have determined the effects of the environment on 
clothed and unclothed men both at rest and in walking on the treadmill. 

Peoceduee. Five men were used as subjects in this study. These men were 
all in good physical condition and well acclimatized to work in the heat. Ac- 
climatization was produced by having the men work for two or more hours each 
day in a room where high atmospheric temperatures were maintained. At 


TABLE 1 


Characteristics of the men used as subjects 
in this study 


SUBJECT 

AGE 

HEIGHT 

WEIGHT 

BODY 

SURFACE 


yrs. 

cm. 

kgm. 


SR 

41 

171 

65.5 

1.76 

AJ 

26 

181 

67.5 

1.86 

MS 

23 

186 

72.5 

1.97 

LG 

23 

175 

63.2 

1.77 

BS 

24 

182 

67.0 

1.86 


TABLE 2 

Comparison of the Ep values on two 
clothed men walking on the treadmill 
at a MR of 189 Cal.lm^ per hour. The 
two men walked simultaneously in 
experiments at each environmental 
condition 


SUBJECT 

Ep 

ROOM AIR “C. 

Dry bulb 

Wet bulb 

AJ 

176 

38.0 

28.4 

LG 

148 



AJ 

141 

40.5 

27.0 

LG 

150 



AJ 

149 

40.6 

27.2 

LG 

130 



AJ 

156 

45.0 

27.2 

LG 

162 




least a month was used to complete the acclimatization of each man. Table 1 
shows the characteristics of the men. 

All experiments were carried out in an air conditioned room with an air move- 
ment of 55 meters per minute. Atmospheric temperature and humidity and 
the temperature of the room surfaces remained constant during each experiment, 
butf rom experiment toexperiment the environment varied from cool to extremely 
hot. The following atmospheric conditions were used: 23°C. with 29, 53 
and 76 per cent hunii^ty; 28°C. with 27, 56 and 85 per cent humidity; 33°C. 
with 19, 40, 68 and 96 per cent humidity; 38®C. with 16, 42, 61, 76 and 86 per 
cent humidity; 45°C. with 13, 26, 42 and 58 per cent humidity, and 50®C. with 
15, 27, 35 and 44 per cent humidity. At air temperatures between 23 and 30°C. 
the average temperature of the walls, floor, cdling and other objects surrounding 
the subject was approximately the same as the air temperature. At air tempera- 
tuies ranging from 30 to 60°C. the walls and surrounding objects were cooler 
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than the air, the average difference grading upward to a maximum of 1.3°C. 
at 50®C. 

Subjects LG and SR wore ^rmy jungle uniforms made of windbreak poplin, 
light cotton underwear shorts, shoes and socks in most of the experiments. 
Subjects AJ and MS wore only shorts, shoes and socks in a complete series of 
experiments in all environments; for comparative purposes they wore the same 
clothing as SR and LG in a limited number of experiments. These four subjects 
were all exposed to each environment for periods of 2 to 6 hours. Subject BS 
participated only in some of the prolonged experiments. Curing each exposure 
the following observations were made: 1. Heart rate was measured by a cardio- 
tachometer at 15-minute intervals. 2. Rectal temperature was measured by a 
clinical thermometer at 30-minute intervals. 3. Skin temperature was meas- 
ured at 15-minute intervals by four thermocouples placed separately on knee, 
chest, hip and shoulder. These points are best for use with working subjects 
because the thermocouples will remain in place for hours. A radiometer was 
used to measure skin temperature of arms, chests and cheeks of the men who 
wore shorts and to measure the temperature of the cheeks of the clothed men. 
The values of skin temperature presented in this paper are weighted averages 
including both thermocouple and radiometer readings and they give reliable 
measures of differences and changes in the subjects^ skin temperatures. 4. 
Rate of sweating was calculated from nude weights of the men taken immediately 
before starting and at the end of each hour of the experiment, taking into account 
the water intake of the men and urine output if any was voided during the 
experiment. In the walking experiments the men stopped 5 minutes at the end 
of each hour for the weighings. In a number of experiments the metabolic rates 
of the men were measured by collection and analysis of expired air . W ith very 
few exceptions each subject went through each of his experiments 1 to 2 hours 
after a light meal and at about the same time of day. A total of 170 2-hour 
experiments were carried out. The subjects were exposed to the various en- 
vironments Jn three different states of activity, i.e., (1) sitting, (2) walking on 
the treadmill at 4.5 km. per hour on a level, and (3) walking on the treadmill 
at 5.6 km. per hour up a 2.5 per cent grade. Forty-two additional experiments 
were continued for two and one-half to six hours to determine the most severe 
environmental conditions in which the men could maintain thermal equilibrium 
in the three levels of activity. During the 2-hour experiments the subjects 
maintained water balance by drinking measured quantities of 0.2 per cent NaCl 
solution. In the experiments reported here which were continued for lonpr 
than two hours three of the four subjects maintained water balance by drinking 
0.1 per cent saline while the fourth man, whose sweat characteiistically contained 
60 to 60 m.eq. of chloride per liter, drank 0.2 per cent saline. In all of the 
experiments the water drunk by the subjects was maintained at a temperature 
near that of the body, i.e., 35 to 37°C. 

Results. From the data in the 2-hour experiments an index of the physiolog- 
ical effect of the environment was calculated for each man for each exposure. In 
calculating this index the subject’s heart rate, skin temperature, rectal tempera- 
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t^re, and rate of sweating were weighted according to the following five 


equations: 


(1) 

Ek = (H, - H,) 

(2) 

E. = (S, - S,) 

(3) 

(R» - Rt) 

/V2 — Ul 

(4) 

II 

' 8 

s 

1 


Eh, Ety Er and E^, are the effects of the environment in each experiment on 
the subject’s heart rate, skin temperature, rectal temperature and rate of sweat- 
ing respectively. 

Hi, Si, Ri and Wi are respectively the subject’s base values of heart rate, 
skin temperature, rectal temperature and rate of sweating. The base values on 
each subject were determined in each activity in a cool environment and were 
used as constants in calculating the effects of all other environments on the 
subjects in the respective activities. 

H 2 , S 2 , i?2 and W 2 are respectively the values of heart rate, skin temperature, 
rectal temperature, and rate of sweating of each subject in each activity observed 
during exposure to the most severe environments which were tolerable for 2-hour 
periods. These maximal values were used as constants in calculating the effects 
of all other environments on the subjects in the respective activities. 

Hs, Sz, Rz and TF3 are respectively the subject’s heart rate, skin tempera- 
ture, rectal temperature and rate of sweating during exposure to the environment 
being evaluated. 

All of the values of heart rate, skin temperature and rectal temperature used 
in these calculations represent the averages of all observed valued during the 
second hour of exposure and all rates of sweating are represented by the averages 
of the first and second hours of exposure. 

From equations 1 through 4 the overall index of the physiological effect of 
the environment is derived as follows: 

(5) Ep = Eh "b E, "b Er + E,o where 

Ep = the index of physiological effect. 

The calculation oi Ep may be illustrated by the following example from data 
secured on subject LG walking with a metabolic rate of 189 Cal. per per 
hour. When he performed this grade of work in clothing in a cool environment 
(^°C.), his base values of heart rate, skin temperature, rectal temperature and 
rate of sweating were respectively 95, 31.2%:!., i?i= 37.4°C. and 

Wi =5 376 grams per hour. V alues of these processes observed on him in the most 
severe environment in which he continued this work for two hours were respec- 
tively 168, >82= SS.S^^C., 122^ 40.4°C. and 1^2== 1850 grams per hour. The 
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above values were used as constants in the calculations of Ep on subject LG in 
all experiments where he wore clothing and performed the above grade of work. 
In an experiment where the air temperature was 45°C. with a relative humidity 
of 26 per cent, he performed the above work for two hours. In this experiment 
his heart rate, skin temperature, rectal temperature and rate of sweating deter- 
mined for the factors Hz, Sz, Rz and Wz were respectively 117, SS.G'^C., 37.8°C., 
and 1210 grams per hour. Substituting in equations 1 through 5, his Ep value in 
this experiment may be calculated as follows: 


( 1 ) 

Eh 

100 

~ ^ 

( 2 ) 

E. 

100 

■ 38.3 - 31.2 

( 3 ) 

Er 

100 

- 40.4 - 37.4 37 . 4 ) - 13.3 

( 4 ) 

Eu, 

100 

= 1850 - 375 ('210 - 375 ) = 56.6 

( 6 ) 

Ep 

= 30.2 + 62.0 + 13.3 + 56.6 


Ep 

= 162.1 


Environmental conditions producing equal Ep values for the subjects in each 
activity were determined. From the data of the 170 2-hour experiments Ep 
values for each pair of subjects under each environmental condition were aver- 
aged. These average Ep values were then plotted against the wet bulb tempera- 
tures, and a cuiwe was drawn to fit the points determined at each dry bulb 
temperature. This produced a family of curves, each of which represented at 
its respective diy bulb temperature, the effects of variations of the wet bulb 
temperatui^ upon the Ep values. These curves were then cut at certain levels 
of Ep and the points transferred to psychrometric charts. The contour lines 
representing equal values of Ep were then drawn through these points on the 
psychrometric charts. 

The average Ep, ‘Index of physiological effect,’’ plotted in relation to the dry 
and wet bulb temperatures and the relative humidity of the atmosphere are shown 
in figure 1 for the two fully clothed men, SR and LG, performing moderate work 
by walking on the treadmill at 5.6 km. per hour up a 2.5 per cent grade (MR 
189 Cal. per per hour) and in figure 2 for AJ and MS who wore only shorts, 
shoes and socks and walked at the same speed and grade (MR 188 Cal. per M- 
per hour). In these figures each contour of physiological effect indicates con- 
ditions of the environment which had approximately equal effects on the working 
men in the respective types of clothing. It is obvious from these figures 
that under conditions of mild heat large changes of the environment are 
required to make small changes in the physiological stress as indicated by the 
index, and that changes in the wet and dry bulb temperature^ are about equally 
effective in altering the index. With increasing severity of environmental heat, 
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#16 index becomes increasingly sensitive to small changes in the wet bulb temper- 
ature £md less sensitive to changes in the dry bulb temperature. In comparing 
figures 1 and 2 in the region of |nild heat it is seen that in arid conditions higher 
environmental temperatures were required to produce an value of 60 in the 
clothed men than in the men wearing shorts, whereas at high humidities the 
l• 0 Y 0 ]^ '^as true. In the entire zone of atmospheric conditions producing Ep 
values irom 50 to 150 the clothing was physiologically a more important barrier 
to heat dissipation by the men in humid heat than in dry heat. In environments 
causing Ep values of 200 or more the corresponding physiological contour lines 



Fig. 1. The physiological effects of the environment on the two clothed men walking at 

6.6 km. per hour up a 2.6 per cent grade (MR 189 Cal. per m* per hr.). Each contour line of 
physiological effect indicates conditions of the environment which had equal effects on the 
working men. Air movement 65 m. per minute. 

Fig. 2. The physiological effects of the environment on the two men wearing shorts walk- 
ing at 6.6 km. per hour up a 2.5 per cent grade (MR 188 Cal. per m* per hr.) . Each contour 
line of physiological effect indicates conditions of the environment which had \&qual effects 
on the working men. Air movement 55 m. per minute. 

Fig. 3. The physiological effects of the environment on the two clothed men walking at 

4.6 km. per hour on the level (MR 125 Cal. per m» per hr.) . Each contour line of physiologi- 
cal effect indicates conditions of the environment which had equal effects on the working 
men. Air movement 66 m. per minute. 

of the men in shorts and the clothed men are practically parallel and show that 
for a given Ep the men in shorts tolerated conditions of temperature and humidity 
which were distinctly more severe than did the clothed m^n. These differences 
which were found between the effects of the various environments on men in 
shorts and on the clothed men were due largely to the clothing. A number of 
control experiments were run in which men who ordinarily wore shorts performed 
work experiments in clothes, and in these experiments their Ep values corre- 
sponded very closely to those of the regulwrly clothed subjects under the smne 
conditions. This may be seen by comparing values on AJ walking in clotiies 
wi& fhe values on LG who was ordinarily clothed (table 2 ) . In mild to moderate 
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heat our contour lines of equal physiological effect on clothed men in this grade of 
work follow fairly closely the effective temperature lines for clothed men at work 
as determined by Houghten, Teague and Miller (1926). In the zone of severe 
conditions in which the men could not maintain thermal equilibrium our curves 
are more nearly parallel with wet bulb temperature lines on the psychrometric 
chart than are the corresponding contours of the above authors. 

Figures 3 and 4 show the average Ep plotted in relation to the dry and wet bulb 
temperatures and the relative humidity of the atmosphere for the same four men 
performing light work by walking at 4.5 km. per hour on a level (MR 127 Cal. 



Fig. 4, The physiological efifects of the environment on the two men wearing shorts walk- 
ing at 4.5 km, per hour on the level (MR 130 Cal. per m^ per hr.) . Each contour line of phys- 
iological effect indicates conditions of the environment which had equal effects on the 
working men. Air movement 55 m. per minute. 

Fig. 5. The physiological effects of the environment on the two men wearing shorts sitting 
at rest (MR 46 Cal . per m* per hr. ) . Each contour line of physiological effect indicates con- 
ditions of the environment which had equal effects on the resting men. Air movement 55 
m. per minifte. 

Fig. 6. The effects of clothing and work on the most severe environmental conditions in 
which men maintained thermal equilibrium from the second through the sixth hours of 
exposures. Air movement 55 m. per minute. 

per M^ per hour). The differences between the effects of the various environ- 
mental conditions on the men in shorts and on those who were fully clothed have 
the same general characteristics as those described above for the moderate grade 
of work. The principal difference between the responses of the men in the two 
grades of work is that much more severe environmental conditions were required 
in the easy work than in the moderate work to produce equal increments of the 
Ep. In other words, all of the contour lines representing physiological effects in 
the light work are shifted toward more severe conditions of heat than the corre- 
sponding lines in moderate work. Differences between the base values of heart 
rate, rectal temperature, skin temperature and rate of sweating of the men in the 
two grades of work mpresent the effect of the work itself and this effect is there- 
fore not included in the calculation of the Ep values. This shift of the Ep values 
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is therefore a real measure of the difference in the effects of i^he environment in 
Illation to the change in the metabolic rates of the men in the two activities^ 

Figure 6 shows the average Ep plotted in relation to the dry and wet bulb 
temperatures and relative humidity of the atmosphere for 2 men sitting at rest. 
The principal difference between the responses of the men in shorts at rest and 
in work is that more severe environmental conditions were required in rest than 
in work to produce equal increments of Ep. As was true in comparing the two 
grades of work this shift of the Ep values is a real measure of the effects of the 
environment in relation to the change in metabolic rate of the men between work 
and rest, because the base values of heart rate, skin temperature, rectal tempera- 
ture and rate of sweating used in calculating the Ep values were taken from 
experiments in work and rest respectively. In severe conditions of heat our 
contours of physiological effect on men at rest are approximately parallel on the 
psychrometric chart to the effictive temperatures determined on resting men by 
Houghten and Yaglou (1923). In the zone of equilibrium shown in figure 5 the 
directions of our contours on the psychrometric chart are significantly different 
from corresponding contours of these authors. This difference may be associated 
with the fact pointed out above that in mild conditions of heat large changes of 
the environment are required to produce small physiological changes. 

Table 3 gives representative experiments from a-series carried out to determine 
the most severe conditions of environmental temperature and humidity in which 
men could maintain thermal equilibrium after the second hour of six-hour ex- 
posures. In experiments where the men clearly failed to maintain equilibrium 
after the second hour the minimal rate of rectal temperature rise during this time 
was 0.18°C. per hour. In experiments in which practical thermal equilibrium was 
maintained after the second hour, the greatest changes of rectal temperature were 
± 0.07°C. per hour. In the latter experiments these small changes of the men’s 
rectal temperatures after the second hour were negative about as frequently as 
they were positive. In work experiments at an air temperature of 50°C. with 
the wet bulb temperature maintained just above the limits of the clothed subjects 
ability to maintain thermal equilibrium, the men would attain an equilibrium 
during the third and fourth hours and then start accumulating heat again in the 
fifth and sixth hours. This was because their rates of sweating declined during 
the experiment and they failed to keep up the evaporative requirements during 
the last two hours. 

In figures 1 through 5 the shaded areas on the psychrometric charts are drawn 
tx) separate the zones of conditions in which the men were able to maintain prac- 
tical thermal equilibrium during the second through the sixth hours of exposure 
from conditions in which they accumulated body heat after the second hour as 
described above. It wiU be noticed that the equilibrium zones extend through- 
out mild conditions of heat and approximately up to the Ep = 200 contours in the 
two grades of work. In work Ep values of more than 250 usually fall in the zone 
of accumulating body hegt where the men did not maintain thermal equilibrium. 
In figure 5 tiie line at the left of the shaded areas indicating conditions in which 
our men maintained equilibrium at rest is close and approximately parallel to 



TABLE 3 

Representative experiments showing the physiological effects of moderate to severe conditions 

of air temperature and humidity 

The values of heart rate, rectal temperature, skin temperature and sweating are ex- 
pressed as hourly averages. Air movement was 55 m. per minute in all experiments. 


TIME 

BOOM AIR ®C. 

Ep 

HEART RATE 

RECTAL TEMP. ®C. 

SKIN TEMP. *C. 

SWEAT KG./HR. 

Dry 

bulb 

Wet 

bulb 

2nd 

hr. 

last 

hr. 

2nd 

hr. 

last 

hr. 

change* 
per hr. 

2nd 

hr. 

last 

hr. 

1st 

2 hrs. 

last 

hr. 


Sitting in shorts MR 46 Cal./m^ per hr. 



hrs. 













MS 

6 

35.2 

34.4 

173 

88 

86 

37.8 

37.5 

-0.07 

36.4 

36.1 

0.71 

0.48 

IV^S 

5 

36.0 

35.6 

274 

103 

103 

38.3 

38.2 

-0.03 

37.2 

36.5 

1.00 

0.76 

BS 

4 

50.0 

33.7 

299 

96 1 

91 

38.2 

38.2 

0.0 

37.0 

36.7 

1.34 

1.11 

MS 

3 

50.0 

34.8 

348 

107 

104 i 

38.6 

38.8 

4-0.20 

37.8 

38.0 

1.47 

1.33 

Sitting in clothes MR 49 Cal./m* per hr. 

MS 

6 

1 38.21 

33.4 

186 

1 88 

I 83 

37.7 

37.6 

-0.03 

36.6 

36.1 

0.87 

0.39 

LG 

5 

36.0 

1 35.6 

' 296 

104 

93 

38.2 

38.3 

4-0.03 

37.8 

37.2 

1.07 

0.66 

LG 

3 

50. o| 

34.8 

369 

108 

104 

39.1 

39.4 

4-0.30 

37.9 

38.1 

1.43 

1.23 


Walking in shorts MR 130 Cal./m^ per hr. 


MS 

4 

49.9 

32.6 

179 

113 

121 

38.1 

38.0 

-0.05 

36.5 

36.5 

1.35 

1.16 

LG 

6 

35.0 

34.4 

205 

120 

122 

38.3 

38.6 

4-0.07 

36.4 

36.4 

1.32 

0.42 

MS 

2§ 

36.0 

35.1 

271 

138 

136 

38.9 

39.2 

4-0.60 

37.1 

37.1 

1.52 

1.46 

BS 1 

2J , 

36. Oj 

35.1 

288 1 

133 1 

138 j 

39.0 1 

39.4 

4-0.80 

36.9 1 

36.7 1 

1.66 I 

2.01 

MS 1 

3 1 

50.0 

33.9 

294 1 

135 1 

145 1 

38.9 

39.2 

4-0. 30| 

37.9 

37.9 

1.75 

1.56 


Walking in clothes MR 125 Cal./m* per hr. 


MS 

6 

50.1 

28.4 

175 

no 

123 

38.1 

38.0 

0 

d 

1 

36.4 

36.7 

1.39 

1.14 

LG 

3 

49.9 

28.9 

175 

107 

101 

37.8 

37.6 

-0.20 

36.2 

35.7 

1.26 

1.08 

SR 

4 

34.0 

32.9 

210 

116 

117 

38.0 

38.0 

0.0 

36.8 

36.5 

1.28 

1.14 

LG 

6 

34.0 

32.9 

224 

124 

119 i 

38.3 

38.2 

O 

d 

1 

36.5 

36.4 

1.38 

0.74 

LG 

6 

34.5 

33.7 

242 

127 

123 

38.6 

38.7 

o 

d 

-h 

36.8 

36.8 

1.42 

0.67 

SR 

6 

50.0 

31.1 

262 

128 

134 

38.5 

39.3 

4-0.20 

37.3 

37.6 

1.52 

1.04 

BS 

5 

50.0 

31.1 

280 

122 

135 

38.6 

39.7 

4-0.371 

37.1 

37.7 

1.83 

1.00 


Walk ing in shorts MR 188 Cal./m^ per hr. 


AJ 

6 

[•ss.o 

31.6 

170 

106 

115 

CO 1 

1 38.5 

4-0.02 

35.2 

35.4 

1.33 

1 0.94 

MS 

6 

50.0 

29.0 

188 

119 

134 

38.0 

38.0 

0.0 

35.4 

36.2 

1.49 

1.39 

SR 

6 

34.0 

32.6 

196 

126 

130 

! 38.3 

38.5 

4-0.05 

35.8 

35.8 

1.33 

' 0.69 

LG 

6 

34.0 

32.6 

193 

130 

136 

38.3 

38.4 

4-0.02 

35.6 

35.6 

1.08 

0.62 

LG 

6 

50.0 

30.0 

194 

119 

134 

38.2 

38.9 

4-0.18 

35.6 

37.3 

1.37 

1.00 

SR 

6 

34.5 

33.8 

238 

138 

149 

38.5 

39.6 

4-0.28 

36.8 

37.2 

1.34 

0.69 

AJ 

i 2 

50.4 

1 33.7 

359 

154 


39.8 


t 

38.1 


2.24 



Walking in clothes M R 189 Cal./m* per hr. 


LG 

6 

32.0 

31.0 

159 

117 

116 

37.8 

37.9 

4-0.02 

35.4 

35.4 

1.29 

0.66 

LG 

6 

45.0 

27.2 

162 

117 

127 

38.0 

38.1 j 

4-0.02 

35.7 

35.9 

1.21 

0.94 

AJ 

6 

38.0 

28.4 

176 

101 

no 

38.3 

38.4 

4-0.02 

35.7 

35.6 

1.51 

1.01 

LG 

6 

50.0 

28.0 

215 

133 

150 

38.0 

39.5 

4-0.38 

35.9 

38.5 

1.51 

1.00 

SR 

6 

50.1 

27.4 

236 

135 

143 

38.2 

38.9 

+0.18 

36.9 

37.2 

1.61 

1.13 

LG j 

2 

38.1 

31.0 

253 j 

136 


38.8 


t i 

36.4 


1.53 


BS 

2 

33.0 

32.3 

313 

151 ' 


39.3 


t 

36.9 


1.71 


SR I 

2 1 

37.8 

33.81 

377 1 

165 


40.3 


t 1 

38.4 1 


1.81 



* Change of rectal temperature in °C./hr. between the second and last hours of the 


exposure. 

t Rectal temperature rising rapidly at the end of the second hour. 
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the S- = 300 contours. Figure 6 gives a comparison of the contoure denoting 
the most severe conditions in which the clothed men and the men in shoi^ main- 
tained practical thermal equilibrium for six hours. It is obvious from this graph 
that the severity of conditions in which they maintained thermal equilibnum 
was reduced significantly when the men wore clothing and was also reduced in 

proportion to the intensity of activity by the men. . . j -xi, 

Cadman (1913) stated that nude men cannot work in still air saturated with 
water at 30°C. Data of Dreosti (1935) indicate that heat tolerant natives in 
South Africa can perform 9,000 foot pounds of work per hour in saturated mr at 
86®C This work would require a metabolic rate of 75 to 85 Cal./m* per hour. 
Eiohna, Ashe, Bean and Shelley (1944) found that acclimatized men in shorte 
carrying 20-pound packs could easily walk at 3 mph for 4 hours m saturated air 
at 92.5*^. (33.6°C.) or in air at 120‘’F. (47.9°C.) with 30 pier cent relative humid- 
ity. An effective air movement of approximately 3 mph prevailed during all of 
their experiments. In comparison with these data our men walking in shorts 
maintained heat equilibrium from the second through the sixth hours of ex^ures 
at 34®C with 91 per cent relative humidity and at 50°C. with 21 per cent humid- 
ity when their metabolic rates were 188 Cal./m» i^r hour. At a metabolic rate 
of 125 Cal./m* per hour they maintained equilibrium at 35°C. with 96 per cent 
relative humidity and at 50°C. with 32 per cent humidity. Air movement was 
55 m. per minute (2 mph) in all of our experiments. The differenws m the values 
reported by the various groups are attributable to differences in the rate and 
duration of work, of air movement in the room, temperature of the walls and 
surrounding objects, the training and acclimatization of the subjects, and the 
quantity, temperature and salt content of the water inpsted by the men. As 
explained above, in sue hour exposures our men working in hot environments just 
above the limits of their ability to maintain thermal equilibrium, could attain an 
equilibrium during the third and fourth hours of the exposure and then start 
heat again in the fifth and sixth hours. In the experiments o 
Eichna et al. the mean radiation temperature of the room was always less than 
air temperature: 2®F. to 3°F. lower at ambient temperatures under 100 F., and 
7°F. to 9°F. lower at an ambient temperature of 120°F . In our expenmente the 
average radiation temperature of the room reached a maximum of 1.3 C. below 
the air temperature when the latter was 50°C. In addition, the water drunk by 
Eichna’s subjects was not warmed to 37‘’C. as was that in our expenments. If 
a man ingests 1.5 liters per hour of water at 20°C., it will absorb approximately 
26 Cal. of heat from ^s body. This would amount to about 10 per cent of the 

total heat production of a man marching at 3 mph. . tt i j 

llie results on our resting subjects are not comparable with the data of Haldane 
(i9()9), and McConneU, Houghten and Yaglow (1924) because of differences m 
air movement in the experiments. In comparing the contour Une of environmen- 
tal cofiditions representing the most severe conditions in which our restmg mm 
wearing shorts maintained thermal equilibrium with a similar Une calculated by 
Gag®, Herrington and Winslow (1937) for nude subjects at rest, we find that ^ 
contour, if extrapolated to 100 per cent relative humidity, is about 1 C. higher 
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than theirs at saturation with about the same air movement. However, with 
decreasing humidity and increasing dry bulb temperatures our limiting environ- 
ments become progressively much higher than theirs. With the same air move- 
ment the upper limit of evaporative regulation of body heat on their chart is 
44.5°C. with 0 per cent humidity, whereas our resting subjects maintained heat 
equilibrium with the air temperature at 50®C. with 34 per cent relative humidity. 
It must be kept in mind that these tests extended for only a few hours. It is not 
possible that men could permanently inhabit regions with climates so extreme as 
these environments which barely limit heat regulation for resting men, because 
the continual strain on the heat regulating mechanisms would be too great and 
prolonged activity would be impossible. These results prove, however, that the 
discomfort of people in hot weather does not ordinarily indicate a serious stress 
on their heat regulating mechanisms; such discomfort of most people at rest is 
exjierienced in warm environments in which they still have a fairly wide reserve 
in the range of evaporative cooling. 

SUMMARY 

Two hundred twelve experiments of 2 to 6 hours' duration were carried out on 
men in an air-conditioned room operated with dry bulb temperatures ranging 
from 23 to 50°C. in combination with various relative humidities. About one- 
half of the experiments were performed on men wearing shorts and the others on 
men clad in Army jungle uniforms. Three sets of exposures to the environments 
were made on all subjects, one with the subjects sitting, another with them walk- 
ing at an easy pace on the treadmill, and the third with them performing moderate 
work on the treadmill. 

The physiological effect of the environment in each exposure was expressed as 
an ‘^ndex of physiological effect," by weighting equally the elevation of the sub- 
ject's heart rate, rectal temperature, skin temperature, and rate of sweating from 
the base values of these functions determined in a cool environment on each sub- 
ject in eacfh activity. The effects of the environment on the men in relation to 
their activity and clothing are illustrated by six contour graphs in which their 
indexes of physiological effect are plotted in relation to dry bulb and wet bulb 
temperatures and relative humidity. 

PJxperiments were run to determine the most severe environmental conditions 
in which men could maintain thermal equilibrium after the second hour of six- 
hour exposures. The men walking in shorts maintained thermal equilibrium 
from the second through the sixth hours of exposures at 34°C. with 91 per cent 
relative humidity and at 50°C. with 21 per cent humidity when their metabolic 
rates were 188 Cal./m^ per hour. With metabolic rates of 130 Cal./m^ per hour 
they maintained equilibrium at 35°C. with 96 per cent humidity and at 60°C. 
with 32 per cent humidity. With resting metabolic rates of 46 Cal./m^ per hour 
the men in shorts could maintain equilibrium at 36°C. with 98 per cent humidity 
and at 50°C. with 34 per cent relative humidity. An air movement of 55 m. per 
minute prevailed during all experiments. The clothed men maintained thermal 
equilibrium at the respective metabolic rates only in environments distinctly less 
severe than those listed above for the men in shorts. 
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The amount of oxygen used by the living brain, per unit of weight and time* 
and under varying conditions of activity, remains a matter for speculation in 
spite of .considerable experimental study. This can be seen from the following 
list of representative values for the Q02 of brain found in the literature: 


In vivo Qo^ 

Alexander et al. (1) Dog 39 

Handley et al. (9) Dog (perfusion) 32.7 

Gay da (8) Dog 30.0 

Rein (17) Dog 30.0 

Schmidt (18) Dog (perfusion) 22.5 

Hou (10) Dog 16.8-23.4 

Yamakita (24) Rabbit 28.2 

Chute and Smyth (4) Cat (perfusion) 9.9-15.0 

In vitro 

Warburg (22) Rat cortex slice 10.7 

Loebel (12) Rat cortex slice 11.4-13.7 

Dickens et al. (5) Rat cortex slice 12.4 

Jowett et al. (11) Guinea pig cortex slice 11.8 

Quastel et al. (16) Guinea pig cortex slice 14-15 

Elliott et al. (7) Rat gray matter homogenate 15.5 

Elliott et al. (7) Rat whole brain homogenate 11.1 


The differences within the in vivo group are so great as to cast doubt upon the 
validity of some of the figures, but whether one should prefer the largest (on the 
general ground that the necessary experimental abnormalities would tend to re- 
duce cerebral metabolism) or the smallest (because of the strong probability that 
not all of the blood flow measured as cerebral and used in the calculation of Qo* 
actually went to the brain) is utterly unknown. The variations within the in 
vitro group are smaller, but the differences between these and the in vivo values 
leave doubts as to whether the consistency of the in vitro figures indicates that a 
true physiological constant is being dealt with, or whether the artificial conditions 

^ The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and the University of Pennsylvania. Financial support was also received from the Na- 
tional Committee for Mental Hygiene from funds granted by the Committee on Research 
in Dementia Precox founded by the Supreme Council, 33° Scottish Rite, Northern Masonic 
Jurisdiction, U. S. A. Permission for publication has been granted. 

* The expression Qoj has come into general use for this purpose. It is defined (14) as 
m 1. of O 2 used per milligram of dry tissue per hour. Obviously the quantity would be the 
same if milliliter per gram of tissue were used instead, but it is important to note that the 
Qo« is referred to dry weight (which in the brain is about 20 per cent of the wet weight) and 
that the unit of time is specified as one hoqr. 
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of the in vitro experiment lead to abolition of ,a large proportion of the normal 
metabolic activity and leave only a relatively rugged moiety to be called the Cio,- 

These questions had a certain amount of practical importance in rdation to 
neurology and psychiatry during peace time, but the current emergency has 
greatly increased the need for more precise information about them. This is 
because the functional capacity of the human brain is definitely the limiting factor 
in the activities of implements of warfare such as airplanes, tanks, submarines and 
certain other terrestrial and aquatic vehicles, as it is also the critical factor in sur- 
vival from shock, hemorrhage and anoxia due to disease, high altitude, or the 
effects of noxious gases. Therefore more precise information about the metab- 
olism of the living brain in vivo offers some prospect of improving, not only our 
understanding of the vulnerability of the brain to stresses such as these, but also 
the procedures intended to compensate for the physiological limitations thus 

imposed. .... 

In vivo estimations of the metabolism of the brain, as of any living tissue, m- 
volve collection and analysis of representative samples of venous and arterial 
blood, and measurement of the volume of blood flow corresponding with these. 
The latter, which was the stumbling block in the past, can be circumvented by the 
use of an nnimal (the monkey) in which the anatomical relations of the cerebral 
circulation are favorable for such measurements, and a measuring device that is 
adequately dependable and accurate. This has already been done (6). The 
only addition required for estimations of cerebral metabolism is provision for the 
collection of samples of cerebral venous and of arterial blood and this has been 
done in the experiments about to be described. 

Methods. Except for 3 spider monkeys {ateles pentadactyltis) weighing 5-5.8 kilos, ^tho 
experiments were made on Indian rhesus monkeys ranging in weight from 2.8 to 4.6 kilos. 
They were lightly anesthetized by intraperitoneal (intramuscular in the spider monkeys) 
injection of nembutal in dosage of about 20 mgm. per kilo; this was supplemented by 
intravenous injection of 5 mgm. (total— not per kilo) doses of pentothal sodium as required. 
The operative procedures were the same as in the earlier experiments (6) wi#h only two 
important differences: the basilar artery was exposed through a trephined opening, the 
button of bone being replaced and sealed with bone wax after the artery was tied, and both 
internal jugular veins were exposed and their major branches ligated as far back toward 
the skull as possible. A flexible plastic catheter having an outside diameter of 2 mm. and a 
bo|« of 1 mm. Was passed up each internal jugular as far as it would go and tied in place; 
the two cathetets were joined by a glass Y-connection for the collection of cerebral venous 
blood; the veins were also ligated on the cardiac side to prevent reflux bleeding. A tracheal 
>.aT»nnl» was inser^ and was connected, through a suitable canmster containing soda lime, 
to a counterbalanced recording spirometer having a total capacity of 500 cc., usually with a 
set of imter valves in the circuit to humidify the inspired gas, minimize rebreathing, and 
faciUtlk^ the use of other gas mixtures if desired; this closed respiratory system was filled 
with oxygen^ flushed at suitable intervals to remove exhaled nitrogen, and used to record 
both the total oxygen consumption and the depth and rate of the respiratioi|s. ^ In case of 
respiratory failure the pulmonary gas exchange was cared for by intratracheal insufflation 
of oxygen through a small rubber catheter. Systemic blood pressure wm measured from a 
l^ral artery by means of a mercury manomeier. Intravenous injwtions were made 
through a littrette-cannula system connected with a femoral vein. Coagulation of the 
oirfulating blood was prevented by intravenous iniection of a single dose of Pontine 
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Fast Pink BL (100 mgm. per kilo) supplemented by 1000 unit doses of heparin at hourly 
intervals. 

The measurement of cerebral blood flow was accomplished, as in our earlier experiments 
(fl)» t)y means of a bubble flow meter of about 6 ml. capacity intercalated in the stream of 
blood passing through both common carotid arteries, the external carotid and basilar 
arteries being tied. Arterial blood samples were usually collected from the internal carotid 
end of the flow meter, occasionally from a femoral artery. Several attempts were made to 
meiisure the basilar blood flow as in our previous experiments but these were unsuccessful 
because the rhesus monkeys used in the present work were smaller and less tolerant of the 
operative procedures than those used before, and the spider monkeys turned out to have 
very small basilar arteries. 

The course of a complete experiment was as follows: The intravenous injection system 
was installed (with the aid of 5-10 mgm. doses of pentothal sodium intraperitoneally or 
procaine locally) so that the otherwise insufficient nembutal narcosis could be supplemented 
by intravenous pentothal as required. These and the subsequent operations were ac- 
complished with all possible precautions against bleeding, a high frequency electric or a 
simple heated iron cautery being used liberally, and all grossly visible blood vessels being 
tied. The internal jugular and carotid vessels were exposed on both sides. All accessible 
branches of the former cephalad to the point of insertion of the catheters were tied and 
ligatures were passed around the external carotids on the cardiac side of the origin of any 
branches. The tracheal and femoral arterial cannulae were then inserted and records of 
blood pressure, oxygen consumption and pulmonary ventilation were begun. The internal 
jugular catheters (previously filled with heparin solution) were inserted and tied in place. 
A cannula was introduced into the other femoral artery for the collection of arterial blood. 
Then a pair of samples of blood (cerebral venous and arterial) was collected to provide 
orientation as to the cerebral A-V oxygen difference under conditions as close to normal as 
possible. (This was not done in all experiments.) The blood withdrawn was usually 
replaced by an equal volume of blood saved from the preceding monkey, or of isotonic 
gelatin in saline . Then the operation for exposure of the basilar artery (the most formidable 
part of the preparation) w’as carried out; in some cases the artery was tied at once, in others 
the ligature was passed but not tied until the carotid cannulae had been inserted, decision 
on this being based on the presence or absence of arterial bleeding from rupture of small 
branches when the ligature was passed. The anticoagulants were then injected, the 
external carotids tied, and installation of the carotid cannulae carried out in such a way 
that at least one internal carotid was always carrying blood; flow was established through 
both carotids before the meter was connected. The meter was filled with gelatin solution 
from a by-pass to the femoral venous injecting system and then blood was admitted from 
the carotid cannulae, displacing gelatin and carrying any air bubbles present into the 
femoral vein. Flow through the meter was then established by clamping the bypass to 
the femoral vein, and a previously patent U-connection between the pairs of cannulae, as 
soon as a steady state was attained. The blood samples for the control period were col- 
lected, a measurement of blood flow being made during the collection of venous blood. 
The remainder of the experiment was then proceeded with. Depending on circumstances, 
this involved collection of blood samples (with simultaneous measurement of blood flow) 
during spontaneous changes, following withdrawal and reinjection of varying amounts of 
blood, infusions of additional amounts of blood or gelatin solution or of epinephrine in 
gelatin (to increase cerebral blood flow), and the intravenous or intracarotid injection of 
convulsant doses of metrazol, picro toxin and nikethamide, of depressant doses of pentothal, 
and a few other agents. 

The blood samples, which measured about 6 ml. each, were collected over mercury in 
small tonometers, chilled at once, and analyzed for COj and Oa content within 8 hours by 
the manometeric method; all analyses were done in duplicate and the usual precautions were 
taken (14). 

M the end of each experiment the animal was exsanguinated and an injection of India 
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ink was made through the internal carotids. The distribution of the ink, in the brain and 
elsewhere, was checked by dissection, as was also the position of the jugular catheters. 
The brain was then removed and weighed anterior to the level of the basilar ligature, this 
factor being used in calculating blood flow and metabolism per unit weight of tissue. The 
results of these terminal injections confirmed those of the earlier experiments: the only 
extracerebfal tissues injected were the eyes, eyelids and orbital tissues, with occasional 
OTnull patches in the temporal and occipital musculature. The tips of the venous catheters 
either were just outside the skull and clearly visible from the inside, or had entered the 
cranial cavity and turned backward (usually) or forward into the cerebral sinus system. 
Collection of venous blood was made from both sides because of the fact (3) that one jugular 
may drain the entire cortex, the other the ventricular and choroid plexus system; a sample 
of blood drawn from one jugular bulb, or even from the cerebral sinuses draining into it, 
therefore cannot be counted upon to be truly representative of cerebral venous blood. 

A total of 32 experiments were made. Of these 6 had to be discarded either 
because of premature death of the animal or technical imperfections such as a 
patent vertebral artery. 

Results. 1. The ^^normar metabolic rate of the brain. The results of our 
11 best experiments are summarized in table 1. These are selected on the fol- 
lowing basis: a, cerebral A-V oxygen differences of the same order as those found 
before extensive operation and ligation of blood vessels; 5, active cerebral func- 
tions, evidenced in brisk ocular reflexes, respiration and total oxygen consumption 
similar to those seen early in the experiment, and occasional spontaneous 
muscular movements. We believe these to be as close to the metabolic activity 
of the living brain in vivo as it is possible to get oy a method involving as extensive 
dissection as this. The figures for O 2 consumption can be converted to Qo. (m 1. 
per mgm. dry tissue per hour) by multiplying them by three*. 

2 Variations in cerebral metabolism. All of our findings are presented in figure 

1 as a smoothed frequency graph showing the distribution of different levels of 
cerebral O 2 consumption in relation to different levels of cerebral functional 
activity. The tendency of cerebral O 2 uptake to run parallel with cerebral 
functional activity is quite evident. There is some overlapping but^this is not 
surprising in view of the arbitrary basis for the classification into these three cate- 
gories. The differences among the three mean values are statistically significant. 

The lowest figure for cerebral O 2 consumption (per 100 grams of fresh brain per 
minute) was 0.39 ml. in a moribund animal without any signs of cerebral activity. 
The highest was 6.5 ml. during a pricrotoxin convulsion (table 4, expt. 27). The 
lowest compatible with subsequent recovery of cerebral activity was 1.85 ml. 
following hemorrhage (table 2, expt. 26). The ^‘physiologicaP^ range of cerebral 

0 2 uptake under these experimental conditions therefore was from nearly double 
to about half the resting ^‘normal’’ value. (See table 6, p. 44.) 

3. Effects of intentional decrease or increase in cerebral blood flow, (a) Decrease. 

■ »,This is derived as follows, taking the average O 2 consumption as an example : (1) Divide 

V bylOOtoreducetomilliliterpergram(orMl.permgm.) per minute (- 0.037). (2) Multiply 

by 5 to convert to dry weight (- 0.185). (3) Multiply by 60 to convert to O, uptake per 
hour {- 11.1) . Dividing by 100 and then multiplying by 300 gives the same result as simpjy 
multiplying by 3. ^ 
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This was brought about by removing appropriate amounts of blood. As usual 
in bleeding experiments, subsequent reinjection of the blood in some cases 
brought about complete and (for our purposes) permanent restoration of circula- 
tion, respiration and ocular reflexes, while in others the improvement was only 
partial and temporary. Cerebral blood flow was invariably decreased by the 

NO. OF 



Fig. 1. Relation of cerebral O 2 consumption to cerebral functional activity, arranged in 
three groups: I spontaneous breathing, ocular reflexes and all other signs of cerebral activity 
entirely absent (black rectangles indicate observations in this group); II spontaneous 
breathing of some type present but ocular reflexes and muscular movements absent (indi- 
cated by cross-hatched rectangles); III breathing normal, ocular reflexes and occasional 
movements of extremities present (indicated by open rectangles). The mean values and 
their standard errors are 1.7 db 0.15, 2.6 i 0.13 and 3.7 db 0.16 for groups I, II, and III 
respectively. 


TABLE 1 




BLOOD 

CEREBRAL 

j O 2 CONSUMED 

CERE- 

WEIGHT 

EXPT. 

NO. 










GENERAL CONDITION 

PRES- 
SURE i 

A-V diff. 

Blood 

O 2 j 

Total 

%by 

brain 

BRAL 

K.Q. 

Ani- 

mal 

1 Brain 




O 2 

CO 2 

flow 

uptake 





vols. % 

! 

ml.l lOOg.fmin. 

ml./ 

min. 



kg. 

grams 

5 

Gooc?*— light anesthesia 

135 

7.0 

6.0 

53.4 

3.7 



0,85 

2.8 

1 90 

9 

Good — deep anesthesia 

84 

6.6 

6.9 

38.0 

2.5 



1.05 

3.2 

90 

13 

Good— light anesthesia 

114 

8.7 

7.3 

33.5 

2.9 

29 

9.0 

0.84 

3.5 

88 

14 

Excellent — active movements 

100 

10.1 

10,2 

33.4 

' 3.4 

30 

11.7 

1.01 

3.5 

114 

22 

Excellent — active movements 

134 

7.8 

8.0 

41.0 ! 

3.1 

40 

6.9 

1.02 

4.1 

89 

24 

Excellent — reflexes very active 

124 

6.0 

6.0 

73.6 

4.4 i 

31 1 

12.1 

1.00 

3.7 

85 

25 

Excellent — reflexes very active 

150 

9.7 

8.2 

46.6 i 

4.5 

41 1 

8.8 

0.85 

4.1 

80 

26 

Excellent — ^reflexes very active 

116 ! 

8.2 

7.6 

40.4 i 

3.3 

31 

8.7 

0.92 

3.3 

82 

27 

Excellent— reflexes very active 

102 

8.8 

10.7 

49.7 

4.4 

35 

9.4 

1.22 

3.0 

75 

30 

Excellent — ^reflexes very active 

no 

7.8 

7.5 

53.0 

4.1 

37 

12.3 

0.96 

5.8 

105 

31 

Excellent — ^reflexes very active 

100 

8,2 

8.1 

53.7 1 

i 

4.4 

48 

10.0 

0.99 

5.3 

108 


115 

8.0 

8.0 

46.9 

3.7 

36 

10.0 

1.00 

3.8 

91 


1 









hemorrhage and increased by the subsequent transfusion; the A-V oxygen dif- 
ference underwent changes exactly the opposite of these. In the cases of com- 
plete recovery after transfusion cerebral O 2 uptake came back to or above its 
control level while in the others it did not. Representative examples of these 
responses are shown in table 2. The data suggest an inverse rather than a direct 
relationship between the intensity of cerebral metabolism and the ability of the 
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brain to withstand the anoxia produced by hemorrhage, but the observations are 
too few to warrant any categorical statements at the present time. 

(b) Increase, This was brought about by intravenous infusion of epinephrine 
(1:20,000 or 1:100,000 in isotonic gelatin) in two spider monkeys in excellent 
condition, also in one spider and four rhesus animals as a restorative measure 
after breathing had ceased and reflexes had disappeared. The effects on cerebral 
blood flow and A-V oxygen difference were uniformly the reverse of those pro- 
duced by hemorrhage. Cerebral O 2 uptake, however, behaved differently ac- 
cording to the state of cerebral activity before the epinephrine was given. If the 
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02 

CONTENT 

i CO 2 

CONTENT 

CEREBRAL 

O 2 

CONSUMED 

CONDITION 

COR- 

EXPT. 

EXPERIMENTAL 

PRES- 

SURE 










OF 

NEAL 

NO. 

CONDITIONS 

i 

Art. 

Vein 

Art. 

Vein^ 

AV-O 2 

Blood 

flow 

O* up- 
take 

Total 

%l>y 

brain 

ANIMAL 

i 

j 

REFLEX 



mm. 

Bg 

vols. % 

vols. % 

vols. 

% 

ml.llOO 

g./min. 

ml./ 

min. 




26 

Control 

116 

14.4 

6.1 

45.6 

53.2 

8.2 

40.4 

3.30 

31 

8.7 

^ Excellent 

+ + 

Bleeding 10 ml. 

88 

14.5 

5.3 

45.5 

55.2 

9.3 

33.9 

3.14 

28 

9.2 

V. good 



Bleeding 10 ml. 

70 

14.9 

3.3 

43.9 

56.3 

11.7 

27.9 

3.26 

28 

9.6 

V. good 



Bleeding 10 ml. 

58 

14.8 

0.8 

41.2 

57.4 

14.0 

20.2 

2.83 

25 

9.3 

Fair 



Bleeding 10 ml. 

44 

14.7 

0.6 

35.8 

55.8 

14.1 

.13.2 

1.85 

21 

7.2 

Bad 

0 


Blood returned 

114 

11.6 

3.4 

46.0 

53.7 

8.1 

46.0 

3.72 

34 

9.0 

Good 

+ 


16 min. later 

110 

12.9 

3.4 

47.4 

57.3 

0.5 

41.4 

3.94 

35 

9.2 

Good 

4* 

24 

Control 

124 

11.6 

5.6 

50.9 

56.9 

6.0 

73.6 

4.43 

31 

12.2 

Excellent 



Bleeding 10 ml. 

80 

12.7 

3.4 

53.5 

61.3 

9.3 

39.6 

3.69 

28 

11.1 

Fair 

+ 


Bleeding 6 ml. 

64 

12.5 

2.2 

54.6 

64.4 

10.3 

30.2 

3.12 

27.5 

9.8 

Bad 

0 


Blood returned 

105 

12.2 

3.2 

51.9 

60.3 

9.0 

32.2 

2.92 

32 

7.8 

Bad 

0 


Gelatin 10 cc. 

138 

11.4 

5.1 

51.5 

57.5 

6.3 

56.5 

3.55 

34 

8.8 

Good 

++ 

30 

Control 

110 

12.5 

4.7 

52.1 

59.6 

7.8 

53.0 

4.13 

35 

12.3 

Excellent 

++++ 


Bleeding 75 ml. 

56 

10.3 

1.5 

49.7 

59.6 

8.8 

32.0 

3.04 

27 

11.1 

Good 

H—f* 


Bleeding 35 ml. 

40 

9.4 

0.9 

45.7 

54.8 

8.5 

24.6 

2.09 

12 

18.3 

Bad 



Blood returned 

100 

10.0 

5.3 

45.1 

49.1 

4.7 

62.2 

2.93 

35 

8.9 

Good 

4+ 

25 

Control 

150 

14.6 

4.9 

45.9 

54.1 

9.7 

46.6 

4.52 

41 

8.8 

Exallent 

444 


Bleeding 10 ml. 

100 

15.2 

2.0 

46.7 

58.3 

13.2 

29.5 

3.90 

32 

9.7 

Fair 

4- 


3 min. later 

06 

13.7 

1.3 

51.6 

59.6 

12.4 

28.0 

3.48 

30 

9.0 

Bad 

0 


Transfused 25 ml. 

114 

13.2 

3.3 

57.5 

65.4 

9.9 

31.2 

3.10 

art. 

resp. 

Bad 

0 


30 min. later 

56 

8.1 

3.2 

79.6 

83.0 

4.9 

11.2 

0.56 

art. 

reep. 

Moribund 

0 


latter was already optimal (normal breathing, brisk ocular reflexes) the O 2 con- 
sumed by the brain underwent a decrease while if reflexes had disappeared and 
respiratory gasps or failure and low blood pressure gave indication of deteriora- 
tion of central nervous functions, cerebral O 2 consumption was increased by the 
epinephrine. Examples of these responses are shown in table 3. 

4. The effects of corwvUant and narcotic drugs, (a) Convulsants, Metrazol^ 
picrotoxin, nikethamide (coramine) and benzedrine were used (table 4). 

Metrazol, given intra-arterially or intravenously in about 100 mgm. dosage to 
4 responsive animals, led almost immediately to characteristic clonic convulsiona 
hlvolving the face, trunk and limbs. At the same time cerebral blood flow and 
O* pptake were consistently and considerably increased while the A-V oxygen. 
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difference showed relatively slight and inconstant changes. These effects were 
brief and were typically followed by a prolonged diminution in cerebral functional 
activity, blood flow and O 2 uptake, with no consistent change in theA-V 
difference. Given in the same or larger dosage to animals showing no signs of 
central nervous activity, metrazol was without conspicuous effect on cerebral 
activity, blood flow, or O 2 uptake. The latter effects therefore depend on the 
change in functional activity, not on a direct action by the drug on the cerebral 
blood vessels. 

Picrotoxin was given in 3 and 7 mgm. total dosage to 2 animals. It had more 
marked and more prolonged effects than metrazol. In one experiment (no. 28) 
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ns 
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vols. 
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ml. f 100 
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ml.l 

min. 




grams 

30 

Control (nat. resp.) 

no 

12.5 

4.7 

52.1 

59.6 

7.8 

53.0 

4.13 

35 

12.3 

Excellent 

+ + + + 

105 


Epineph. infusion 

125 

10.7 

4.6 

51.8 

58.0 

6.1 

62.3 

3.80 

33 

12.2 

Excellent 

+ + + + 


31 

Control (nat. resp.) 

96 

15.4 

6.1 

46.6 

65.0 

9.3 

45.9 

4.26 

53 

8.7 

Excellent 

+ + + + 

108 


Epineph. infusion 

145 

13.0 

8.4 

49.2 

52.8 

4'. 6 

76.8 

3.53 

29 

13.1 

Excellent 

+ + + + 



After epineph. 

79 

10.6 

2.6 

45.6 

52.3 

8.0 

51.0 

4.08 

75 

5.9 

Excellent 

+ + + + 


82 

Control (art. resp.) 

36 

9.6 

0.8 

67.8 

74.6 

8.8 

21.0 

1.85 



Bad 

0 

95 


Epineph. infusion 

112 

8.5 

4.9 

66.6 

69.0 

3.6 

85.6 

3.08 



Fair 

-t- 


8 

Control (art. resp.) 

32 

11.7 

2.0 

44.3 

54.7 

9.7 

18.9 

1.83 



Bad 

0 

95 


Epineph. infusion 

94 

11.5 

6.5 

43.9 

48.3 

5.0 

41.5 

1.96 



Bad 

0 



Epineph. continued 

88 

9.9 

5.7 

42.1 

46.3 

4.2 

44.0 

1.85 



Bad 

0 


16 

Control (art. resp.) 

64 

14.2 

4.0 

81.1 

89.3 

10.2 

17.7 

1.80 



Bad 

0 

109 


Epineph. infusion 

154 

12.5 

7.1 

80.3 

87.3 

5.4 

44.7 

2.40 



Bad 

0 



After epineph. 

46 

8.2 

1.8 

83.7 

90.4 

6.4 

9.6 

0.61 



Moribund 

0 


12 

• 

Control (art. resp.) 

77 

13.1 

8.6 

67.7 

79.9 

4.6 

22.7 

1.05 



Bad 

0 

90 


Epineph. infusion 

164 

11.1 

5.7 

67.8 

72.1 

5.4 

22.4 

1.21 



Bad 

0 



After epineph. 

54 

6.9 

2,8 

62.8 

61.1 

4.1 1 

10.6 

0.43 



Moribund! 

0 



spontaneous breathing was restored and an improvement in blood pressure (prob- 
ably vasomotor in origin) occurred after the administration of this drug. The 
increase in cerebral metabolism was due to increase in both A-V difference and 
blood flow but the preponderance differed in the two animals. The subsequent 
depressant phase was as evident as with metrazol. 

Nikethamide was injected into the carotid stream in 50 to 500 mgm. dosage in 
3 monkeys at varying stages of central nervous activity but in only one were 
there any signs of stimulation of the central nervous system by the drug. Its 
effects on blood pressure, respiration and cerebral blood flow were peculiar. The 
first effects after the injection were cessation of respiration, fall in blood pressure, 
and decrease (amounting in one case to complete standstill for about 20 sec.) 
in cerebral blood flow. Blood pressure then rose again, spontaneous breathing 
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13 

Control (nat. reap.) 
Metrazol 100 mg. i.a. 
Pentothal 5 mg. i.a. 

8 min. later 
Transfusion 

mm. 

Hg 

114 

06 

74 

66 

83 

vols: 

16.7 

16.4 

16.6 

14.1 

13.2 

% 

8.1 

4.5 

0.8 

3.0 

3.0 

vols. 

40.0 
31.5 

35.3 

30.0 

34.4 

% 

48.2 

40.2 

36.6 

42.7 
44.1 

vols. 

% 

8.6 

10.0 

6.7 

11.1 

10.2 

ml.iJC 

mii 

33.5 

47.5 

38.0 

17.1 

31.1 

>0g./ 

* 1 . 

2.00 

5.17 

2.80 

1.89 

3.16 

ml./ 

min. 

29 

34 

31 

20 

35 

9 

13.8 

9.3 

5.0 

8.0 

V. good 
Convuls. 
Depressed 
Better 

V. good 

i 

+4* 

0 

4" 

4-4- 

irams 

88 

14 

Control (nat. reap.) 
Pentothal 6 mg. i.a. 
Metrazol 100 mg. i.a. 

16 min. later 

30 min. after met. 

100 

100 

80 

64 

110 

13.5 

13.0 

12.7 

14.1 

11.7 

3.6 

2.6 
0.6 

2.3 

2.4 

39.6 
42.0 

37.3 

46.7 

43.3 

40.7 
62.6 

46.0 

64.7 

53.1 

10.0 

11.3 

12.1 

11.8 

0.3 

33.4 

10.0 

28.8 

17.3 

31.4 

3.36 

2.16 

3.50 

2.04 

2.92 

32.6 

26 

25 

30 

36 

11.6 

8.9 

16 

7.7 

9.2 

Excellent 

Depressed 

Convuls. 

Depressed 

V. good 

•i-f4-4- 

0 

4-4- 

0 

4-b 

114 

10 

Control (nat. reap.) 
Metrazol 100 mg. i.a. 

16 min. later 

100 

136 

100 

12.0 

11.1 

6.7 

5.0 

4.2 

1.6 

58.3 
56.7 

66.3 

68.3 

60.4 
71.0 

7.0 

6.0 
4.1 

29.2 

59.8 

20.6 

2.30 

4.13 

0.85 



Poor 

Convuls. 

Bad 

0 

4-4- 

0 

85 

18 

Control (nat. reap.) 
Metrazol 100 mg. i.a. 

04 

124 

16.4 

14.6 

3.4 

2.0 

14.4 

15.7 

27.6 

27.0 

12.0 

11.7 

22.6 

30.1 

2.71 

3.63 

29.4 

33.3 

10.9 

9.3 

Fair 

Convuls. 

0 

-f 4 - 

102 

8 

Control (art. reap.) 
Metrazol 100 mg. i.a. 

88 

80 

0.0 

10.1 

5.7 

7.1 

42.1 

30.8 

46.3 

44.1 

4.2 

3.0 

44.0 

66.7 

1.85 

1.97 



Bad 

SI. convul. 

0 

4-4- 

05 

82 

Control (art. reap.) 
Metrazol 200 mg. i.v. 
Coramine 600 mg. i.v. 
17 min. later 

12 min. later 

112 

80 

80 

40 

34 

8.5 

6.3 

6.3 

5.8 

6.7 

4.0 

0.6 

0.8 

0.3 

0.3 

66.6 

61.0 

36.4 

40.4 
45.0 

60.0 

68.4 

51.7 

52.8 
63.3 

3.6 

4.7 

6.5 

5.5 
6.4 

85.6 
62.2 

66.4 

27.4 

24.6 

3.08 

2.02 

3.65 

1.61 

1.32 



Bad 

No convul. 

Convuls. 

Bad 

Moribund 

0 

0 

4-4- 

0 

0 

. 95 

22 

Control (nat. reap.) 
Coramine 60 mg, i.a. 

9 min. later 

Pentothal 6 mg. i.a. 

128 

70 

122 

52 

8,6 

8.8 

8.8 

0.1 

2.4 

2.5 

2.6 
2.7 

62.0 

65.4 

60.7 

71.3 

67.6 

67.0 

74.8 

6.1 

6.8 

6.2| 

6.4 

32.1 
26.6 1 
29.3 
13.5 

1.96 

1.67 

1.82 

0.87 

42 

40 

37 

4.0 

3.8 

4.3 

Poor 

No convul. 
Poor 

Bad 

0 

0 

0 

0 


24 

Ontrol (nat. reap.) 
Coramine 50 mg. i.a. 

4 min. later 

106 

130 

106 

11.1 

0.7 

8.4 

4.1 

4.5 

0.7 

51.5 
40.0 

56.6 

60.0 

56.8 

60.5 

7.1 

5.2 
7.7 

54.2 

64.4 

28.7 

3.86 

3.24 

2.21 

36 

41 

31 

6.2 

6.8 

6.1 

Good 

No convul. 
Poor 

4- 

4- 

0 

a* 

85 

27 

Control (nat. resp.) 
Picrotoxin 3 mg. i.a. 

10 min. later 

8 min. later 

8 min. later 

42 min. later 

Pentothal 2.6 mg. i.a. 
16 min. later 

102 

116 

70 

102 

80 

124 

116 

124 

i3.0 

12.6 

12.7 

12.8 
12.5 
11.8 
11.4 
10. B 

4.2 

3.6 

3.7 
2.0 
2.1 
2.0 

3.1 

2.2 

40.2 

41.7 

61.7 

63.8 

40.4 

44.8 

46.2 

46.5 

60.0 

50.7 

62.8 
86.0 
62.5 
61.8 
54.3 

, 62.5 

8.8 
8.0 
0.0 
10.8 
10.4 
0.8 
8.3 
. 8,7 

49.7 

67.0 

41.0 

60.1 

61.5 

48.6 
46.9 
50.3 

4.37 

5.06 

3.68 

6.50 

5.35 

4.77 

3.81 

4.37 

36 

40 

36 

38 

38 

0.4 

9.6 

10 

7.6 

8.7 

Excellent 

Convuls. 

Poor 

Twitching 

Convuls. 

Excellent 

1 Depressed 
Excellent 

4.4.++ 

4- 4-4-4- 
0 

4-4- 
H — H 

4-4.4.+ 

4 = 

4- 4-4-4- 

76 

28 

Control (art. reap.) 
Picrotoxin 7 rag. i.a, 
25 min. later 
Benzedrine 1 mg. i.a. 
18 min. later 

83 

104 

102 

106 

106 

14. B 
14.2 
14.1 

12.7 

11.8 

7.6 

2.0 

1.0 

3.1 

1 2.6 

68.4 
70.2 

65.5 

65.0 

67.1 

: 74,fl 
1 84,1 
1 78.4 
1 76.8 
74.C 

1 7.0 

12.2 
r 12.2 

t 0.6 
1 0.2 

1 33.8 
: 34.6 
: 20.2 
. 27.0 

1 30.6 

2.36 

4.22 

8.57 

2.60 

2.80 

36 

36 

36 

52 

10.2 
8.6 
. 6.4 
4.J 

Bad 

1 Good 
\ Good 

1 Poor 

1 Fair 

0 

4- 

4- 

0 

0 

88 

2 

Control (art. reap.) 
Be^edrine 5 mg. i.v. 
5 mill, later 

80 

04 

86 

O.f 

lO.f 

6.7 

i 3.6 
» 3.3 

r 2.0 

34.^ 

36.4 

36.f 

i 38.2 
1 40.1 
» 40.': 

1 6.C 

1 7.2 

r 4.; 

) 25.2 

S 20.0 
r 25.4 

1.61 

2.1 

1.2 



Bad 

Bad 

Bad 

0 

0 

0 

06 

A 

Coateol (art. resp.) 
hejmd. 6 mg. i.v. 

64 

70 

12.7 
11. ( 

r 4.6 
) 1.7 

38.4 

36.( 

1 47.1 
) 47.: 

i 8.1 

l O.J 

1 36.4 
( 20.8 

2.95 

1.04 



Bad 

Bad 

0 

0 

90 
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returned, cerebral blood flow came back to or above its control level, and the 
convulsant effects of the drug now appeared for the first time. 

Benzedrine was given in a number of experiments to test its effects on cerebral 
blood flow but only in 3 of these was there a sufficiently steady state to justify the 
collection of blood samples. Cerebral metabolism was somewhat decreased in 2 
of the cases, increased in the third. Cerebral blood flow behaved like cerebral 
metabolism. Blood pressure rose in all 3 but there were no manifestations of 
stimulation of the central nervous system. 

Representative examples of these results are shown in table 4. Cerebral O 2 
uptake and blood flow were invariably increased during the convulsant period by 
metrazol, nikethamide and picrotoxin, and this therefore appears to be the char- 
acteristic pattern of the action of such drugs. The behavior of the A-V oxygen 
difference was so inconstant as to indicate that factors at present unidentified 
are involved here. The absence of effect on either metabolism or blood flow when 
no convulsions were seen indicates that the increase in blood flow is related to the 
convulsant action and is not simply due to dilatation of cerebral vessels by the 
drug itself. The convulsant period was invariably followed by depression of 
respiration, ocular reflexes, cerebral blood flow, and cerebral O 2 uptake, the latter 
reaching approximately the level attained by a distinctly narcotic dose of pento- 
thal (table 4). The time relations of these various events differed considerably 
among the three convulsants. With metrazol the maximum effects on cerebral 
activity, blood flow and metabolism were seen almost immediately after the in- 
jection and the stimulant phase lasted only a minute or two. With picrotoxin 
the effects came on more gradually but were much more prolonged; in one case 
(expt. 27) the initial stimulant phase was follorved by a period of depression and 
this by a return of the convulsant effects of the original dose of the drug, 
indicating that the initial stimulant action was terminated by deterioration in 
the ability of the brain to react, not by excretion or detoxification of the drug. 
With niketjiamide there was an initial depressant action on cerebral functions and 
blood flow that was lacking with the other two. The stimulant phase came on 
after this (if at all) and was accompanied by the same type of increase in cerebral 
blood flow and metabolism that was seen with the others. The subsequent de- 
pression of cerebral functional activity, metabolism and blood flow seemed to 
depend more on the vigor of the convulsant response than on the drug used and 
was of about the same order of intensity and duration with all 3 agents. 

Benzedrine, in the dosage employed and under the existing experimental con- 
ditions, gave no sign of an ability to stimulate the brain in a manner comparable 
with the convulsants. The effects obtained by it could be ascribed to its sym- 
pathomimetic actions associated with a mild constriction of cerebral blood ves- 
sels; the latter action would be a unique and unfavorable concomitant of stimu- 
lation of brain cells, but it is possible that if such stimulation occurred the 
relatively mild cerebral constriction would give way to vasodilatation. On the 
other hand, if stimulation did not occur the cerebral vasoconstrictor action 
would be distinctly disadvantageous. 

(b) DepressarUs. Pentothal sodium is the only agent with which enough ob- 
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Bervations were made to warrant definite statements. It was chosen because of 
the brevity and complete reversibility of its effects When given into the carotid 
stream in suitable dosage (2~5 mgm. total) to animals with active respiration and 
reflexes, it caused distinct depression of rate and depth of breathing and disap- 
pearance of the ocular reflexes, but artificial pulmonary ventilation usually was 
not required and systemic blood pressure was not significantly altered. At the 
height of this effect cerebral O 2 uptake and blood flow were both reduced consist- 
ently and considerably while the A-V oxygen difference showed no consistent 
change. Pentothal was also given to counteract the convulsant effect of metra- 
zol; the effects on cerebral blood flow, A-V difference and metabolism were of the 
same type as those just described though the true effect of the depressant drug is 
not as clear because of the spontaneous tendency toward a temporary depressant 
phase in these functions following the convulsant period. Examples of these 
effects are shown in table 4. 

5. CorrelatiQna among cerebral blood flow, A-V oxygen difference and oxygen 
uptake, (a) Between cerebral blood flow and A-V oxygen difference. Our data 
bearing on this are shown in figure 2. In this (as well as in figs. 3, 4 and 6) each 
point represents one set of blood samples with its corresponding observations and 
all of the data are included without selection. Although in a given experiment 
there may be good correlation between these two factors within certain limits 
(tables 2 and 3), when all the findings in all the experiments are viewed together 
this relationship has a correlation coefficient of —0.18, which is the poorest of the 
three possible ones among these three variables, 

(b) Between cerebral oxygen consumption and cerebral A-V oxygen difference. 
Our findings on this are plotted in figure 3. The correlation coefficient here is 
0.54, which is considerably better than (a). 

(c) Between cerebral oxygen consumption and cerebral blood flow (fig. 4). The 
coefficient of correlation here is 0.67, which is the best of the three. This sug- 
gests that the cerebral circulation automatically adjusts itseff to the existing 
metabolic requirements of the brain — a suggestion that is borne out \>y figure 6, 
which shows the relationship between cerebral metabolic activity and cerebral 
blood flow corrected for differences in blood pressure, so as to disclose changes in 
cerebral vascular tone. The coefficient of correlation for the findings in rhesus 
monkeys is 0.59, which indicates a significant relationship. The data from spider 
monkeys fall completely out of line, the blood flow per unit of tissue and blood 
pressure tending to be considerably greater than in the rhesus monkeys. This 
is already evident in table 1, in which numbers 30 and 31 were ateles and the 
others were rhesus. A species difference is strongly suggested but the data are 
insufficient to establish a separate set of correlations. No corresponding differ- 
ences are evident in the other relationships (figs. 2, 3 and 4). 

6. Other observations, The effects of insulin. Only one of three experiments 

with this drug was satiaiaetory . The results are shown in table 5. The absence 
of any striking change in cerebral O 2 uptake fe noteworthy. The animars con- 
dition was excellent and spontaneous muscular movements, which were present 
before insulin^ increased during the hypoglycemic period. The decrease in 0® 
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uptake following glucose injection was probably of the same nature as that seen 
with epinephrine in “normaP* animals (table 3). Unfortunately this animal 
showed no trace of hypoglycemic shock in spite of a total of 20 units of insulin and 
these observations therefore apply only to the stage of moderate (^‘therapeutic’’) 
insulin action. 

(b) The effects of changes in arterial pOz and Observations along these 

lines were incidental and were usually made after the planned experiment on 



Figs. 2, 3, 4 and 6. The values for cerebral blood flow and cerebral O 2 consumption are^ 
plotted in terms of milliliters per 100 grams wet brain weight per minute, those for A-V 
oxygen difference in volumes per cent. In figure 5 the observed blood flow values have all 
been divided by the blood pressure at the time of measurement. The observations on spider 
monkeys are shown as stars; all the others were made on rhesus animals. 

cerebral metabolism had been made. The results confirmed those of our earlier 
W'ork on monkeys (6) in all essential respects : inhalation of 10 per cent CO 2 in O 2 
had little or no effect on cerebral blood flow unless blood pressure underwent a 
change, which the flow followed apparently passively. Anoxemia was associated 
with an increase in flow provided that cerebral activity was present, but not 
otherwise. Induced hyperventilation with O 2 did not decrease the blood flow 
unless blood pressure fell. The extent of the changes in arterial gas tensions was 
not determined. 
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(g) The effects of breathing against pressure. These observations, like the pre- 
ceding, were incidental and were made on animals that were still in good condition 
after the planned metabolism experiment had been made. The pressure was 
hydrostatic and was applied to the outlet of the expiratory valve. It was there- 
fore continuous throughout the respiratory cycle. The inspired gas was 100 per 
cent O 2 . Satisfactory tests were made on 5 rhesus monkeys. The results are 
adequately summarized by stating that cerebral blood flow did not change until 
the blood pressure did, when both changed in the same direction. Pressures up 
to 3 inches of water only slowed breathing somewhat without affecting blood pres- 
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sure or cerebral blood flow but at 4 inches respiratory difficulty and fall in blood 
pressure were seto. None of the animals were able to breathe against 8 inches: 
the chest assumed the inspiratory position and the expiratory muscles apparently 
were not strong enough to expel gas against this pressure ; blood, pressure fell 
sharply and cerebral blood flow did likewise. 

These findings indicate that the rise in systemic venous pressure associated 
with high intrapulmonary pressure does not lead to diminution in arterial inflow 
to the brain, over the range W pressure that can be borne by the respiratory and 
cardiovascular apparatus. 

(d) The effect of minimal movement of blood in the cerebral circukdion. Because 
of their possible bearing on the problem of resuscitation we wish to record here a 
few observations which were made possible by the unique conditions of these 
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experimcHts. In a number of cases the animal was still in good condition (active 
reflexes, normal type of breathing) when terminal exsanguination was begun. 
The bleeding was rapidly followed by gasping respiration, then by complete 
failure of respiration and circulation. We discovered accidentally in one such 
experiment that if blood was sucked out of the venous catheters into a syringe, 
respiratory activity could be restored and maintained for some time, and this was 
confirmed in subsequent similar experiments. Apparently movement of blood 
through the cerebral vessels led to distinct improvement in the state of the re- 
spiratory center even though the pressure in the vessles was zero (atmosphenc) 
or below. This course of events was seen only in animals previously in good 
condition, with respiratory failure resulting from rapid exsanguination, and with 
a minimum lapse of time between the failure and the withdrawal of venous 
blood — a situation having its counterpart in ventricular fibrillation associated 
with electric shock. If the two are really comparable, the prompt application of 
manual artificial respiration should help to prevent total and permanent failure 

of the respiratory center in cases of the latter typ)e. t k o 

(e) The jraction of the total oxygen uptake accounted for by tha brain. In the 9 

“normal” animals in which pertinent data were obtained, the average for this was 
almost exactly 10 per cent (table 1). The changes that took place under 
changing conditions are shown in the subsequent tables. It should be recalled 
that most of the injections of convulsants and all of the injections of pentothal 
were made intra-arterially so that only the brain was exposed to an effective con- 
centration of these drugs. , , . , , • j 

(f) The partition of the total carotid flow between the internal and external carotids. 

This was studied in one spider monkey in which the basilar arteiy^ was ligated and 
the flow started through the meter before the external carotids were tied. The 
flow was 52 ml. per minute at a blood pressure of 78 mm. Hg. After the external 
carotids were tied the flow was 37 ml. per minute at a pressure of 80 mm. In this 
animal about 70 per cent of the total common carotid stream was therefore car- 
ried by the internal carotids. . , . , .V, J u 

Discussion The importance of the four main physiological variables dealt 
with in these experiments— cerebral functional activity, cerebral metabolic 
activity, cerebral blood flow and cerebral arteriovenous oxygen difference-is 
attested by the existence of a large mass of literature dealing with each, ihe 
mutual relationships among them have been the basis for considerable spec- 
ulation, but as far as we are aware this is the first time that direct experimental 
evidence bearing upon the.se relationships has been obtained under conditions 
approximating the normal. While we cannot guarantee that these fmdmgs are 
applicable to animals other than the monkey, or even to that animal m the mtact, 
unanesthetized state, we believe that they deserve full discussion because they 
afford a glimpse of these interrelationships under conditions which, although they 
cannot be called entirely normal, certainly were not incompatible with cerebral 
functional activity. To faciUtate this discussion we have summarized some ot 

the most important findings in table 6. , , ^ x i u 

The normal cerebral Qo,- In view of the depression of cerebral O 2 uptake by 
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narcosis (table 4) it seems proper to regard the highest of our “normal” values as 
our closest approximation to the situation in the intact, unanesthetized monkey. 
This (4.6 ml. per 100 grams of wet brain per min.) gives a Qo, of 13.5, which 
comes directly in the midst of the findings for slices of guinea pig or rat Cjerebral 
cortex in vitro (p. 33 above). The natural conclusion would be that the in 
vitro technic gives values that closely approximate the O 2 uptake by the living 
mammalian brain in vivo. Before this conclusion can"be accepted, however, two 
facts must be taken into consideration. One is that narcosis was present 
throughout the present experiments; even the highest “normal” Qo, should have 
been somewha,t depressed by this. The other is that these in vivo values are for 
the entire brain whereas the in vitro ones which they most closely resemble are 
for cortex alone. If the uptake of the cortex in our monkeys was 2 to 4 times that 
of subcortical areas, as in vitro studies have indicated it to be in other animals (15), 
it follows either that the metabolic rate of the monkey’s cortex must have been 
much higher than our figure, or that practically all of the measured blood flow and 
O 2 uptake were accounted for by the cortex. The latter seems improbable in 
view of the active state of the ocular reflexes and of the respiratory and vasomotor 
centers. The former alternative therefore is preferable, but in that case the 
agreement between our Qo, and that of cortical slices probably was purely for- 
tuitous. 

It is noteworthy that even the highest of our Qo, values is considerably below 
any of those previously reported for the mammalian brain in vivo (p. 33). This 
discrepancy almost certainly is due to overestimation of the blood flow factor in 
the earlier experiments because of escape of blood through anastomoses with the 
extracranial circulation. This subject is considered in detail elsewhere (20) and 
needs no further discussion here. The “physiological” range of the Qo, (i.e., the 
highest attainable with a convulsant and the lowest compatible with complete 
recovery) turns out to be from nearly double to about half the resting “normal” 
value (p. 36 above). Lower values than this were encountered bpt since neither 
cerebral functions nor cerebral O 2 uptake could then be restored such levels prob- 
ably correspond with irreversible (pathological) changes in nerve cell function. 

The magnitude of cerebral blood flow. Table 6 gives a fair representation of the 
range of cerebral blood flow in these animals under conditions compatible with 
cerebral activity, as well as the corresponding values for an adult human brain of 
average size. It is noteworthy that the mean and maximum blood flow values 
encountered in these monkeys were distinctly below the corresponding figures 
(60 and 113 ml. per 100 grams per min. respectively) in our earlier work (6). 
Part of the difference may be due to the routine use in these experiments of in- 
halation of 100 per cent oxygen, which tends to reduce cerebral blood flow in the 
monkey (6). Part may bf attributable to the fact that the monkeys used in the 
present study were on the whole smaller and less resistant to the experimental 
procedures, perhaps because of longer captiyity. We have not succeeded in a 
number of recent attempts at checking the accuracy of our earlier correction 
factor of 70 per cent for the reduction in cerebral blood flow upon closure of the 
b^ar artery (6). The basilar artery of the spider monkey is so much smaller 
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than that of the rhesus that the same correction certainly should not be applied 
to both. The figures presented throughout this paper are those actually obtained 
and ate uncorrected. 

The significance of changes in the cerebral A-V oxygen difference. We have 
pointed out in section 5 that although in a given animal and within certain limits 
a change in the A-V difference can be correlated with a simultaneous change in 
either cerebral blood flow or cerebral metabolism, there is poor correlation 
between the A-V difference and either of these factors when the data are \dewed 
together. The best of the three possible correlations among these variables is that 
between cerebral metabolism and cerebral blood flow, which, as already pointed 
out (p. 42), strongly suggests an effective adjustment of cerebral blood flow to 
the momentary metabolic requirements of the brain. An alternative explanation 
would be that cerebral blood flow in some manner determines cerebral me- 
tabolism. While this undoubtedly is true when a subnormal flow has become the 
limiting factor on cerebral metabolism, it does not appear to hold when the flow 
is increased above the optimal level (table 3) or reduced only enough to permit 
adequate compensation by increasing the A-V difference (table 2). We therefore 
prefer the former interpretation, which is in agreement with all our e.xperimental 
findings. But if there is a completely effective mechanism for automatically 
regulating the blood supply of the brain in accordance with its metabolic require- 
ments, it follows that the A-V difference of oxygen (or anything else) should be 
kept constant, by suitable changes in cerebral blood flow, in the face of consider- 
able changes in cerebral metabolic activity. Any changes in the A-V difference 
would signify that the mechanism had not functioned perfectly but there would 
be no clue as to whether the primary factor was a change in blood flow or in me- 
tabolism. Our results with primary changes in blood flow (tables 2 and 3) and 
metabolism (table 4) show the impossibility of drawing valid deduction^ of this 
character from changes in the A-V difference alone. This question is considered 
in greater.detail elsewhere (20). 

The relation of cerebral functional activity to cerebral metabolism,. One of the 
most striking and consistent findings in these experiments is the direct relation 
between cerebral functional activity (manifested in respiratory and vasomotor 
control, ocular reflexes, muscular movements) and cerebral O 2 consumption. 
Our findings therefore confirm those already obtained in other animals with other 
methods (1) (18), and justify the addition of the mammalian brain to the list of 
tissues in which an increase in functional activity has been proved to be associated 
with an increase in its call for oxygen (2). The causal nature of this rela- 
tionship is not disclosed by our experiments but it seems most probable that each 
may be the cause or each the effect, depending on circumstances. When the 
primary factor is reduction in the supply of O 2 (as in Our hemorrhage experiments, 
but presumably also in any other type of cerebral anoxia) the decrease in func- 
tional activity must be the result of the anoxic interference with cerebral cellular 
activity. Under such circumstances restoration of the O 2 supply to the brain 
will lead to return of functional activity and O 2 uptake, provided that the anoxic 
derangement has not progressed far enough to be partly or completely irrever- 
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sible. According to our results with hemorrhage the degree of reduction in cere- 
bral O2 uptake that can be recovered from promptly and completely is about half 
the resting ‘‘normal”. 

These statements imply that reduction in the cerebral O2 supply will necessarily 
lead to a diminution, and increase of the O2 supply to an increase, in cerebral O2 
uptake and functional activity. While this is generally true, we have en- 
countered exceptions in both directions and have some data by which they may 
be understood. Reduction in cerebral O2 supply produced by gradually pro- 
gressing cerebral anemia (hemorrhage) invariably led to an increase in the A-V 
oxygen difference. As long as th^s was sufficient to compensate for the diminu- 
tion in blood flow and to prevent a significant decrease in cerebral O2 uptake, 
little or no alteration in cerebral functional activity could be detected, but once 
the limit of this type of compensation had been reached and the O2 uptake began 
to fall, deterioration rapidly ensued (table 2). At the opposite extreme we have 
found two sets of circumstances under which an increase in cerebral blood flow 
did not lead to an increase in cerebral O2 uptake. One was the intravenous in- 
fusion of epinephrine in animals whose cerebral functions, blood flow and metab- 
olism were optimal at the time (table 3, expts. 30 and 31); the decrease in 
O2 uptake actually observed is probably referable tp an uneven effect on the A-V 
oxygen difference in different parts of the brain, that in the functionally silent 
areas (where the A-V difference would be decreased markedly by an increase in 
blood flow because the demand for O2 must be relatively small) apparently as- 
suming dominance over that in the active regions (where the decrease in the A-V 
difference presumably would be just enough to compensate for the increased 
flow). This explanation was already put forward to account for a similar effect 
from CO2 inhalation in dogs whose total cerebral blood flow was maintained con- 
stant (18). It seems preferable to the alternative possibility that epinephrine 
depresses cerebral O2 consumption, not only because of the well-known capacity 
of this drug to produce central nervous excitation in man, but also because of the 
increase in cerebral O2 uptake produced by it when cerebral functions were de- 
pressed (table 3). Increase in cerebral blood flow also failed to increase cerebral 
O2 consumption in some experiments when, following hemorrhage, transfusion 
was delayed until respiratory failure had occurred (table 2, expt. 25). This con- 
firms, in another animal and with other methods, the existence of a state pre- 
viously designated as the “reversal”, characterized by prolonged or permanent 
diminution in the ability of brain cells to take oxygen out of the blood and asso- 
ciated with a corresponding loss of cerebral functional activity X18). 

Thus a decrease in cerebral blood flow need not lead to a diiffinution in cerebral 
O2 uptake if the former is small (and brief) enough to be compensated fully by 
increase in the A-V oxygen difference; an increase in flow does not cause an in- 
crease in O2 uptake if the exisfing state of cerebral function, flow and metabolism 
is already optimal, or if cerebral linoxia has been sufficiently severe and prolonged 
to interfere with the ability of brain cells to utilize oxygen (the “reversal” (18)). 
With these exceptions,' and within these limits, cerebral O2 consumption varies 
directly with cerebral blood flow when the change in the latter is primary. 
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When the change in cerebral O 2 uptake is brought about by a convulsant or 
narcotic drug there is also a consensual change in cerebral functional activity and 
blood flow, but here the alteration in cerebral blood flow probably is the result of 
a primary change in cerebral metabolism. Characteristic features such as de- 
pendence of the increase in O 2 uptake and blood flow on increased functional 
activity, occurrence of a depressed phase in all three after a period of convulsions, 
irregular and uncertain behavior of the A-V oxygen difference, and individual 
variations among the convulsant drugs used, have already been presented (section 
4a) and need not be repeated here. The occurrence of prolonged or permanent 
depression of cerebral functions and metabolism (the '‘reversaPO following 
various stimulant procedures was demonstrated in earlier work (18). Our 
present findings indicate that the O 2 supply to the brain need not be reduced at 
the time of the stimulation for this to occur, as then seemed to be the case, for in 
the present experiments anoxemia did not occur and cerebral blood flow was in- 
variably increased during the convulsions. Apparently an increase in cerebral 
O 2 consumption to something less than double its resting level by means of a con- 
vulsant drug (table 4) will be followed by a state characterized by depressed 
cerebral functional activity, O 2 uptake and blood flow, wiiich is identical with the 
effect of cerebral anoxia due to hemorrhage. It is interesting that nearly doub- 
ling the O 2 demand had the same type of reversible depressant effect as halving 
the O 2 supply. Since a prolonged depression of cerebral functions follows the 
convulsions produced by sodium cyanide, w^hich apparently ow es all these effects 
to reflexes from the carotid and aortic bodies (since they are lacking when the 
drug is given after denervation of these structures (19)), it is evident that 
the phenomena of post-convulsant depression do not depend entirely on a direct 
diphasic action by the convulsant drug on nerve cells, but are more probably 
related to the increased cerebral metabolic activity associated with the convul- 
sions. Thus anoxia of the brain, with all its manifestations, can be produced 
quite as w^l by increasing the O 2 requirement to exceed the available O 2 supply, 
as by reducing the supply without altering the requirement. We have also tried 
convulsant drugs when ocular reflexes had disappeared and slow^ or absent 
breathing and low blood pressure gave indication of cerebral depression. With 
a single exception, the drugs uniformly failed to improve cerebral functional ac- 
tivity or O 2 uptake under such circumstances. The exception w^as an experiment 
(table 4, expt. 28) in w^hich, following a large total dose of picrotoxin, blood pres- 
sure rose, cerebral A-V oxygen difference increased, ocular reflexes returned and 
spontaneous breatliing w^as resumed; no convulsions occurred, but the improve- 
ment of blood pressure, respiration and ocular reflexes, associated with an increase 
in the A-V oxygen difference (without significant change in cerebral blood flow) 
shows that a direct stimulation of nerve cells can be produced by a convulsant 
drug in the presence of depression. The margin between this and the onset of 
convulsions, leading to a more severe post-convulsant depression, may however 
be a narrow one. Furthermore, this instance of stimulation was altogether ex- 
ceptional, probably because the factor responsible for loss of cerebral functions 
usually was anoxia, the effects of which would be readily removed by an increase 
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in cerebral blood flow (as by epinephrine — ^table 3) if the ‘‘reversal^’ had not oc- 
curred, and if it had, convulsant drugs could scarcely remedy the cellular dis- 
organization which this implies. Our present impression is that convulsant drugs 
are not likely to prove beneficial in the presence of cerebral anoxia unless they 
lead to a rise in blood pressure. They may shorten the period of recovery 
following a depressant drug such as pentothal, but in our animals the stimulant 
effect of the analeptic was followed by a depression in cerebral O 2 consumption to 
a level at least as low as that produced by the depressant in the first place and the 
total recovery period seemed to have been prolonged rather than shortened. 
This is in accord with the finding by Mousel and Essex (13) that analeptic drugs 
delay the recovery from pentothal in dogs, cats and rabbits. 

The effects of pentothal on cerebral functions, O 2 uptake and blood flow were 
the precise opposite of those of the convulsants except for the subsequent swing 
in the opposite direction, which did not occur with pentothal (table 4). The 
ability of this drug to produce a distinct diminution in cerebral O 2 uptake when 
it is given in moderately effective dosage thus is demonstrated and the findings of 
Quastel and Wheatley (15) are confirmed. Recovery from the depressant effects 
of pentothal took place more rapidly than was the case following a comparable 
diminution in cerebral O 2 uptake produced by hemorrhage or convulsant drugs. 
This suggests that the effect of pentothal is the more benign and is exerted in a 
different manner. If it is true that the depression following a convulsant is 
basically the same as that following hemorrhage and is due to cerebral anoxia 
created by increasing the O 2 requirement more than the O 2 supply, it becomes 
probable that a decrease in cerebral O 2 uptake produced by a drug such as pen- 
tothal might increase the ability of the brain to withstand the effects of anoxia 
however produced. The margin of safety may be relatively narrow and the gain 
would be bought at the price of marked if not total interference with the capacity 
to perform mental and physical tasks, but for situations in which avoidance of 
severe cerebral damage from anoxia is a critical consideration and consciousness 
on the part of the subject is not essential this procedure might be beneficial. 
Examples would be severe poisoning by CO, marked anoxemia from respiratory 
obstruction, pulmonary edema, inhalation of high concentrations of N2O or C2H4 
for surgical operations, or cerebral anemia due to low blood pressure or high cere- 
brospinal pressure. 

The intrinsic control of the cerebral circulation. Figure 5 indicates not only that 
cerebral blood flow is automatically adjusted to the metabolic requirements of the 
brain, but also that the adjustment does not depend on passive effects from 
changes in systemic blood pressure. As to the nature of this adjustment, wj 3 can 
only confirm our earlier finding (6) that total cerebral blood flow in the monkey 
is affected more markedly and consistently by changes in p 02 than by changes in 
PCO 2 in the arterial blood. ^ As between the two principal metabolic gases O 2 
therefore appears to be the more likely mediator of an intrinsic adjustment of this 
tjTpe, but it is much more probable that the control is achieved by summation of 
all of the vasodilator products of metabolism (changes in pC02 and pOs, acid-base 
adjustments, local changes in temperature, perhaps liberation of K, histamine, 
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acetyl choline, etc.) and that no one agency should be singled out as being solely 
responsible. We have noted elsewhere (20) that the current widespread inclina- 
tion toward CO 2 as the main or sole factor depends on the accidental circumstance 
that most of the recent work in this field has been done on the circulation in the 
cerebral cortex of the cat. The situation there is not necessarily representative 
of that in the cortex of other animals, nor the situation in the cortex of any animal 
of that in other parts of its brain. 

The vasomotor response in these experiments showed parallelism with the 
respiratory. In the hemorrhage experiments we were able to predict which 
animals would make a complete recovery by observing the behavior of their blood 
pressure and cerebral blood flow after the transfusion, for those in which these 
came back to or above the control level recovered, and those in which they did not 
do so failed to recover. In the single case of restoration of cerebral functions by 
an analeptic drug recovery of vasomotor tone began before ocular reflexes or 
spontaneous breathing returned. Our findings indicate that the vasomotor 
center is one of the most susceptible of intracranial contents to anoxic derange- 
ment, and not the most resistant, as the hypertension associated with acute eleva- 
tion of intracranial pressure suggests (23). This question also is considered 
elsewhere (20). At present it seems quite likely that the onset of sudden collapse 
at high altitude is due to absence of the vasomotor response, as has already been 
suggested (21). If this is true for this type of cerebral anoxia it should be equally 
true for others, and the vasomotor center then may play the decisive r61e 
in determining whether cerebral functions will or will not be maintained. Loss 
of consciousness if the subject is in the erect position then may be viewed as a 
safety reaction, intended to safeguard venous return to the heart (21). If it is 
also associated with a diminution in cerebral O 2 uptake (which should be the case 
in unconsciousness of any cause), this would be an added safety measure to pro- 
tect the brain from O 2 utilization in excess of the available O 2 supply 
• 

SUMMARY 

1. Cerebral O 2 idetabolism has been measured in vivo in lightly anesthetized 
monkeys by measuring cerebral blood flow directly while samples of cerebral 
venous and arterial blood were collected for subsequent analysis. Important 
findings : 
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2. Cerebral O 2 uptake invariably changed in the same direction as cerebral 
functional activity (judged by muscular movements, ocular reflexes, character 
of respiration, level of blood pressure) whether the latter underwent spontaneous 
changes or was altered by changes in cerebral blood flow (hemorrhage 
transfusion, epinephrine infusion) or by convulsant (metrazol, picrotoxin, nike- 
thamide) or depressant (pentothal) drugs. The ‘^physiological” range of cerebral 
O 2 uptake was from about half to nearly double the resting “normal” value. 
Convulsions were followed by a period of depressed O 2 uptake of the same order 
as that produced by a deeply narcotic dose of pentothal. 

3. Of the 3 possible correlations among (a) A-V oxygen difference, (b) blood 
flow and (c) O 2 uptake of the brain, that between (a) and (b) was poorest, that 
between (a) and (c) somewhat better, but that between (b) and (c) by far the 
best. This is believed to indicate that the tone of cerebral blood vessels is auto- 
matically adjusted to the metabolic requirements of the brain. Changes in A-V 
oxygen difference then signify only that this adjustment has been imperfect and 
do not justify conclusions as to changes either in cerebral blood flow or metab- 
olism. Previous work indicating that the cerebral circulation of the monkey is 
affected more consistently and strongly by changes in p 02 than in pC 02 has been 
confirmed; as between these, p 02 is the more likely to be responsible for the intrin- 
sic control, though it is probable that any or all of the vasodilator products of 
metabolism (CO 2 , anoxia, acid, heat, K, acetyl choline, histamine, etc.) may play 
a part. 
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Quantitative measurements of the total blood flow to the brain of man have 
not previously been reported and the few procedures which have been used for 
the purpose of obtaining relative or qualitative values have recently been sub- 
jected to considerable criticism ( 1 ) . 

The method to be described is based on the principle that the rate at which the 
cerebral venous blood content of an inert gas approaches the arterial blood con- 
tent depends upon the volume of blood flowing through the brain. Certain as- 
pects of this principle were recognized by Haggard (2) who postulated that the 
rate at which an anesthetic gas is taken up by the brain depends in part on the 
rate of blood flow to that organ, and similarly by Ferris, Molle and Ryder (3) 
who stated that the clearance of nitrogen from the brain during the inhalation of 
100 per cent oxygen may be markedly influenced by the magnitude of cerebral 
blood flow. As far as we are aware, however, the principle has not previously 
been subjected to mathematical analysis and applied to actual measurements of 
cerebral blood flow in animals or man. The experiments described in the pre- 
ceding report (4) afforded an opportunity for calibrating this procedure against 
direct measurements of cerebral blood flow and thus for refining the technical and 
theoretical factors to a degree that would not otherwise have been possible. 

Methods. The specific substance which is employed is not of consequence 
provided that it is physiologically inert in the concentrations employed, capable 
of diffusing«rapidly across the blood-brain barrier, and susceptible of accurate 
analysis in the blood. It need not even be a gas if it meets all these requirements. 
In the present experiments nitrous oxide has been employed although other gases 
may be found to be more suitable. Radioactive gases offer certain unique ad- 
vantages and their use is being considered. 

In the animal experiments the inhaled gas consisted oi 40 per cent nitrous oxide 
in oxygen which was inhaled through the inspiratory valve attached to the 
tracheal cannula. In the early experiments on man 15 per cent nitrous oxide and 
85 per cent oxygen was employed and was inhaled through the inlet tube of an 
anesthesia mask. Because the presence of nitrogen in the blood introduces cer- 

^ The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and the University of Pennsylvania. Financial support was also received from the Na- 
tional Committee for Mental Hygiene from funds granted by the Committee on Research 
in Dementia Precox founded by the Supreme Council, 33° Scottish Rite, Northern Masonic 
Jurisdiction, U.S.A. Permission for publication has been granted. 
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tain difficulties which will be discussed later, its effects were minimized by the 
inhalation of 100 per cent oxygen for a period of at least 20 minutes before each 
determination. It is realized that the high oxygen tensions are likely to alter 
cerebral blood flow but these experiments were designed to aid in the development 
of the method rather than to establish normal values. ’In later experiments a 
mixture of 15 per cent nitrous oxide, 21 per cent oxygen and 64 per cent nitrogen 
was employed and the anal 3 d.ical error due to nitrogen was eliminated by the 
calculation discussed below. The 15 per cent nitrous oxide has few detectable 
ph 3 rsiological effects in most normal subjects; some individuals may experience 
slight Higminpas or cutaneous numbness after breathing the mixture for 10 to 15 
minutes. Even 40 per cent nitrous oxide has no characteristic effect on the cere- 
bral blood flow of anesthetized monkeys as measured by the bubble flow meter. 

Arterial blood was obtained by femoral puncture in man and from a femoral or 
carotid cannula in animals. Cerebral venous blood was collected from a metal 
I»nnnii1n. in the torcular Herophili in dogs, from both internal jugular bulbs in 
monkeys, and from a needle in the right internal jugular vein in man using the 
technique described by Myerson et al. (5). In a typical experiment in man, 19 
gauge needles fitted with obturators were inserted into the femoral artery and 
internal jugular vein after infiltration with procain solution. The obturators 
were removed and each needle was connected to a manifold by means of annealed 
silver tubing of 1 mm. bore. Simultaneous arterial and venous samples were 
then obtained at intervals during 20 minutes of inhalation of the nitrous oxide- 
oxygen mixture. In practice it should be necessary to take only 4 such pairs of 
samples at 2, 4, 6 and 10 minutes. Blood samples were taken into 10 cc. syringes 
wetted with heparin and containing 1 cc. of mercury. These syringes were fitted 
with a short length of rubber tubing and a clamp and after the samples had been 
obtained the capillary of the tip was filled with mercury. They were then kept 
with the tips up in a refrigerator so that the blood was entirely sealed between 
mercury and glass. Analyses for oxygen and carbon dioxide were, performed 
within 3 hours and for nitrous oxide within 24 hours. The samples were analyzed 
in the Van Slyke-Neill manometric apparatus by the method of Orcutt and 
Waters (6) with certain modifications: the blood was transferred from the syringe 
to the chamber of the manometric apparatus over mercury to avoid all contact 
with air and the reagents used were kept free of air over mercury. For the ni- 
trous oxide analyses, carbon dioxide and oxygen were absorbed simultaneously 
by the addition of 2 cc. of the usual hydrosulfite-anthraquinone reagent and 
where 15 per cent nitrous oxide was employed 2 cc. of blood were analyzed. 
Analyses were done in duplicate and consistent checks within 0.05 vol. per cent 
were obtained with the modified technique. In these analyses nitrous oxide is 
not determined as such but as residual gas after absorption of oxygen and ^bon 
dioxide. Although the error due to nitrogen can be removed by calculation, in 
the first 3 experiments on man and in all the animal experiments denitrogenation 
was employed beforehand and the nitrous oxide made up in oxygen to render the 
error due to nitrogen negli^ble. 
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Derivation of a formula for cerebral blood flow. The familiar Fick formula 
applied to a single organ like the brain may be expressed as : 


CBF 


100 Qi 

(A - V)t 


( 1 ) 


where CBF represents cerebral blood flow expressed as cc./lOO grams of brain/ 
minute. 

Qt represents the quantity of oxygen, expressed as cc./lOO grams of brain, con- 
sumed in time U 

A and V represent arterial and cerebral venous blood oxygen contents as vol. 
per cent. 

t represents any time interval in minutes. 

Although the same basic formula is applicable to any substance which is re- 
moved from the blood by the brain, in the case of inhalation of nitrous oxide the 
arterial and venous contents of that gas both start from zero and increase with 



Fig. 1. Arterial and internal jugular blood concentrations of nitrous oxide in a human 
subject during the inhalation of 15 per cent nitrous oxide in oxygen. 


time, the arterial more rapidly than the venous. The course of a typical experi- 
ment is shown in figure 1. Obviously A-F is not a constant but rises rapidly 
to a maximum in the first 30 seconds then decreases progressively. The amount 
of gas lost per 100 cc. of blood in passing through the brain cannot be calculated 
simply from {A-V)t as with oxygen, but is represented by the area between the 

curves A and V from zero time to time i.e. / (A-F) dt. Equation 1 then 

Jo 


becomes: 

CBF = — 

f (A- V)dt 
Jo 


( 2 ) 


Where Q, represents the quantity of NjO (expressed as co./lOO grams of brain) 
taken up by the brain from the beginning of inhalation to time i. 

A and V represent the N 2 O content of arterial and cerebral venous blood 
expressed as vol. per cent. 


The quatUity 


dt: This may be ascertained by direct serial determina- 
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tions of arterial and venous NgO contents (as has been done in fig. 1), but if the 
manner in which (4-F) varies with time could be found, it could be calculated on 
the basis of fewer analyses. Since the rate of change of (4-F) at any specific 
time is determined by the rate of uptake of NgO by the brain, which is in turn a 
function of the magnitude of (^-F) at that time, {A-V) should be an exponential 
function. Plotting (A-V) semi-logarithmically against time (figs. 2, 3, 4) it is 



Fig. 2. Cerebral arteriovenous nitrous oxide differences in 3 patients, plotted semi* 
ogarithmically against time of inhalation. 



Fig. 3 . Fig. 4 

Fig. 3. Cerebral arteriovenous nitrous oxide differences in 2 dogs, plotted semi-ioga- 
rithmically against tinje of inhalation. 

Fig. 4. A representation of the semi-logarithmic plot of the cerebral arteriovenous 
nitrous oxide difference against time in 9 determinations on monkeys. For convenience 
the lines have been tilted so that they lie parallel but P and k are given for each line in 
table 1. 


seen that in each case the points fall closely upon a straight line. This confirms 
the expected exponential nature of the arteriovenous nitrous oxide difference 
which may now be expressed in the usual mathematical form: 

(A-V) = Pe-*‘ (3) 

P tepresents the theoretical value of (A-V) at zero time and may be obtained 
from the remi-logarithmic graph by extrapolation to zero time, k which lepre* 
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sents the slope of the straight line semi-logarithmically plotted is obtained from 
intercepts of the line as follows: 

^ _ l og ~ ^)*i ~ ~ (4) 

(fe - h) log e 

Integrating equation 3 from times 0 to t results in the following expression: 

- V) dt = ^(l- e"*') (5) 

Since the arterial and venous content of N 2 O are zero at the beginning of the 
inhalation, (A-V) for NjO does not start immediately at a maximal value but 
rather rises sharply from zero to a maximum in the first half minute and then 
decreases exponentially. This divergence from a true exponential form is small 
and readily corrected for. As seen in figure 5, the actual integral is less than the 
integral of the simple exponential OPRS by the small triangle NOP the area of 



MINUTES 

Fig 6 Cerebral arteriovenous nitrous oxide differences in the subject of figure 1 plotted 
agMnt time. Open circles represent values obtained by analjmis, closed circles reprerent 
values obtained in the first minute from the extrapolated arterial and venous curves. The 
closeness with which the calculated integral (ONES) fits the experimental values is shown. 

which is equal to F/4. Thus by subtracting this from the integral derived in 
equation 5 tlie true integral is closely approximated (without this correction the 
error is only about 6 per cent, when corrected the error becomes even smaller). 
Thus the corrected integral is obtained: 





( 6 > 


The closeness with which this calculated integral fits the data can be seen in 
figure 5. In the three human experiments (G. H., A. S., and J. P.) this calcu- 


* In these three experiments 8 pairs of samples were taken in order that a valid 
son could be made between the graphic and calculated integrals. The remaimng 13 deter- 
minations on human beings were bared upon the simpbfied procedure using only 4 
samples. In many experiments there is a tendency for the A-V curve to deviate sli^tly 
from that of a simple exponential in the region t - 10 minutes. T^s is evidence that there 
is more than one nitrous oxide absorbing phase in the brain, -niis delation, however, 
is slight and it occurs in a region where its effect on the entire integral is negli»ble, so 
that there is consistently good agreement between values for the integral obtained graph- 
ic^ly and those calculated from the exponential formula (col. 4 and 5, Table 2). 
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lated mte^al is 104 per dent, 101 per cent and 104 per cent of the graphic integral 
respectively. o x' » 

^ The ^nhty Q,: The amount of nitrous oxide absorbed by the brain from the 
eginnmg of inhalation to time t is calculable by assuming that the mean brain 
tension of the gas is equal to its tension in the blood leaving the brain. If this 
assumption were correct then ; 

Qt =V, S (7) 

Inhere F, = nitrous oxide content of cerebral venous blood as vol. per cent at 
time t. 

S = ratio of solubilities of NsO in brain and blood, i.e., where solubility 

is expressed as cc. NjO/cc. blood and cc. NjO/gram brain at 760 mm. N 2 O 
tension and 38°. 

Although the assumption that the mean brain tension of nitrous oxide is equal to 
the cerebral vetaous tension is only approximately true in the first few minutes of 
mhalation, it becomes increasingly valid as equilibrium progresses to complete- 
ne^. It IS now pertinent to determine the time after which the assumption is 
s ciently valid that its use introduces no appreciable error into the calculation. 

By substituting in equation 2 the values for Q, and j (A-V)dt obtained in 

equations 6 and 7 respectively, and rearranging, the foUowing relation appears: 


CBF 

S 


100 Vt 


p p 

k (1 - - f 


( 8 ) 


Throughout the course of 10 or 20 minutes of nitrous oxide inhalation the left 
t^d member of equation 8 should remain constant whence the constancy of the 
nght hand member constitutes a test for the validity of the assumption expressed 
;m equation 7. These calculations have been made in the case of the three de- 
tailed human experiments and in the two experiments on dogs and the results are 

presented in figure 6. It is seen that in each case the quantity 

Id-e-")-? 

decreases somewhat throughout the early periods of inhalation but appears to 
reach a fairly constant value in about 10 minutes, after which it decreases only a 
few per cent over protracted periods. From this it is inferred that mean brain 
tension of nitrous oxide at first is somewhat lower than the corresponding cerebral 
venous tension but that after 10 minutes they have come suflBciently close to 
make the assumption of equation 7 sufficiently valid for present purposes.* 

' It is now posMbleto oiJcubteforeftch of the earlier Fi’« a factor (r) by which it must be 

100 F<r- 


multiplied in order that the ^imutity 




«-*•) _ 


— may at all times be equal to the 
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# 

Fig. 6. The function 


100 Vt 


P P 

^(1 - e -‘0 - - 


plotted against time for experiments on 2 dogs 


and 3 human subjects. After 10 minutes it is practically constant in each case. Curve 1— 
patient A. 8., 2— dog 4, 3— patient G. H., 4— patient J. P., 6— dog 3. 


»H,0 



Fig. 7. Curves showing the arterial and internal jugular blood tensions and the mean 
brain tensions of nitrous oxide in a human subject during inhalation of 15 per cent nitrous 
oxide in oxygen. Values for mean brain tensions were calculated as explained in the text. 


Equation 2 with proper substitutions from equations 6 and 7 no^ 
working formula for calculating cerebral blood flow by this method: 


now becomes the 


100 VtS 

P P 

E - 4 


( 9 ) 


where t is 10 minutes or greater. 


final constant value of -p- ThU factor (r) is then the ratio of brain nitrous 

oxide tension to venous nitrous oxide tension and from it the mean brain tension at each 
time may be calculated. In figure 7 may be seen the curves for arterial, internal jugular 
and mean brain tensions of N,0 for one of the human subjects calculated m this manner. 
The rate at which mean brain tension of NjO approaches that in internal jugular blood is a 
function of cerebral blood flow and, for comparable blood flows, an index of the “vascu- 
larity” of that particular brain, the latter term representing the proportion of vascular 
diffusion surface to weight of brain tissue. Such an index may have some cUmcal signifi- 
canoe. 
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The necessary data are obtained in human subjects as follows: simultaneous 
arterial and internal jugular blood samples are obtained at approximately 2, 4, 6 
and 10 minutes following the onset of inhalation of the nitrous oxide gas mixture: 
The times of taking the samples are accurately measured and the respective 
arteriovenous nitrous oxide differences are plotted semilogarithmically against 
time. A best fitting straight line through the earliest three points (where the 
arteriovenous differences are sufficiently large that analytical error is inap- 
preciable) determines P and k. The t in equation 9 is the time of the last venous 
. sample and should be 10 minutes or longer. ^ 

The solubility factor S remains to be considered. It has not yet been possible 
to determine this factor to a great degree of accuracy. Early attempts to deter- 
mine it by equilibration of brain tissue homogenates in vitro yielded the 
unexpected finding that the apparent solubility of nitrous oxide in brain decreased 
significantly with the time of equilibration at 38^ It was concluded that changes 
take place in brain tissue so treated which alter its capacity for absorbing nitrous 
oxide and that reliable determinations could be carried out for the present only 
in VIVO, For this two different techniques have been employed. In one, a repre- 
sentative sample of brain tissue was removed anaerobically from an anesthetized 
dog after a protracted period of nitrous oxide inhalation and its content of this 
gas determined and compared with that of torcular blood obtained simul- 
taneously. The obvious technical difficulties of this procedure have not yet been 
fully mastered; the values for S thus obtained in 4 different animals were 1.0, 1.0, 
1.3 and 1.4, respectively. 

Another method is presented in the direct measurement of cerebral blood flow 
in the monkeys used in the experiments just reported (4) simultaneously with the 
administration of nitrous oxide and the collection of the necessary blood samples. 
From the data thus secured S may be calculated by a rearrangement of equation 
8 : 

(1 - e -*‘) - -^^1 

s = 4j (10) 

100 V, 

The values for S thus obtained are presented in table 1 . The fairly wide range 
of values found is probably not evidence that the solubility of nitrous oxide in 
diflferent brains of the same species varies widely (there is as wide a variation in 
^erent determinations on the same animal as between different animals) but is 
indicative of certain technical difficulties which have not yet been eliminated. 
The average value for S thus obtained (1.3) compares well with that obtained by 
the other quite different method in dogs and has been used as a first approxima- 
tion in the calculations of cerebral blood flow here presented. Since it is hardly 
l^ely that the solubility coefficient of nitrous oxide in human brain would vary 
significantly in the same individual in the course of an hour or so, the method in 
its present fonn is applicable to the quantitative measurement of changes in 
cerebral bldod flow induced by various procedures, and if the further assumption 
that this coefficient will not vary appreciably from one brain to another is tenable 
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the method may-be used to study deviations in the blood flow in different patho- 
logical states. Although the true value for S is not expected to lie far from the 
tentative value of 1.3, the precise evaluation of the absolute cerebral blood flow 
in man must await more accurate determination of this factor and a knowledge of 

its variability. . i 

A critical examination of the method here proposed brings to light several con- 
siderations which must be evaluated before the procedure can be regarded as 
yielding absolute and reliable figures for total cerebral blood flow in man. A 
discussion of some of these seems pertinent : 

1. The derivation assumes that the brain is a homogeneous system with respect 
to blood flow and nitrous oxide capacity, yet the presence of at least two discrete 
tissue masses in the brain (white and grey matter) and the cerebrospinal fluid 
raises a question as to whether such an assumption is warranted. To ascertain 
the effects of differences in blood flow and in nitrous oxide capacity in different 
regions of the brain, theoretical biphasic and triphasic schemata have been set up 
representing variations in rates of blood flow, weights of tissue and nitrous oxide 
capacity of greater magnitude than are likely to occur in reality. Calculations 
on these schemata reveal the followdng: a. Where the variations among the phases 
are considerable the combined (A-V) is no longer a simple exponential function 
and its rate of decrease (k) instead of remaining constant diminishes with time. 
The fact that in the experiments which have thus far been performed in animals 
and man the values for (A-V) conform reasonably well to simple exponential 
functions is an indication of the relative homogeneity of these brains, b. Not- 
withstanding their more complex nature if these (A-V) functions of heterogeneous 
systems are treated as simple exponentials by the use of a best fitting straight 
line through their semi-logarithmic plot at 2, 4 and 6 minutes, values for P and k 
thus obtained yield a calculated flow within 15 per cent of the true flow. c. Even 
for the most heterogeneous systems the mean flow is accurately calculable by 
using the true integral for A-T instead of the integral based on the simple ex- 
ponential. •Experimentally such a true integral could be closely approximated by 
more frequent blood samples or by the continuous withdrawal of blood from the 
artery and vein at a slow constant rate over a period of ten minutes. Unless 
subsequent studies yield results markedly different from these early experimente, 
such procedures seem unnecessaiy and the brain can for practical purposes be 

considered homogeneous. , , . u 

2. In oixier to obtain true cerebral blood flow by this method it must be 
assumed that the blood samples from the right internal jugular vein represent 
mbced cerebral venous blood. The anatomical fact that the torcular m man is 
often incomplete does not necessarily imply that blood from one jugular is not a 
representative sample. Riggs (7) has found in an examination of 25 autopsy 
specimens that torcular blood is distributed both to the nght and left lateral 
sinuses in 15, usually with a preponderance to the right, in 9 cases the torculiar 
cominunicated entirely with the right and in one case entirely with the left lateral 
sinus. Gibbs and Gibbs (8) have found in a study of flows in 24 autopsy speci- 
mens that on the average 95 per cent of right lateral sinus blood is derived from 



. ^ '■ V table 2 ' ■ 

Cerebral Mo^d flow and cerebral oxygen coneumption in eleven patients determined by the 

proposed method 


SUBJECT 

DIAGNOSIS 

t 


Vt 

NsO 

A-V 

Ot 

CEREBEAL 

BLOOD 

CEREBRAL 
0* CON- 





by 

formula 

graphi- 

cally 

FLOW 

SUMPTION 

*G. H. 

BF 44 

Multiple sclero- 

min, 

11.92 

11.1 

10.7 

vol. % 

4.43 

vol. % 

6.2 

CC.fJOO 

g./min. 

52 

CC./tOO 
■ g./min. 

3.2 

*A. S. 

BF 26 

sis 

Essential hyper- 

10.30 

7.5 

7.4 

4.26 

4.0 

74 

3.0 

*J. P. 

BF 29 

tension 

Gastric neurosis 

10.22 

11.4 

11.0 

4.27 i 

10.2 

50 

5.1 

W. G. WM 23 

Normal 

10.50 

9.3 

8.4 

4.72 

6.6 

66 

4.4 

J. F. 

BM 46 

Essential hyper- 

10.25 

7.9 

8.1 

4.49 

4.6 

74 

3.4 

V. L. 

WM 42 

tension 

Hypochromic 

9.97 

10.0 

9.7 

4.30 

5.3 

56 

3.0 


Repeat 

anemia 

15' later 

10.03 

8.7 

8.9 

3.81t 

5.5 

57 

3.1 

L. F. 

WF 30 1 

Chronic P.I.D. 

8.00 

6.0 

5.5 

2.73 

6.2 

60 

3.7 


Repeat 15' later 

8.00 

10.5 

1 9.8 

4.13t 

6.9 

52 

3.6 

P. G. 

WM55 1 

Gastric neurosis 

9.90 

t 

8.70 

2.71 

7.5 

41 

3.0 


Repeat 15' later 

9.94 

t 

3.86 

1.24t 

7.6 

42 

3.2 

J. T. 

WM 35 

Convalescent 

9.87 

7.5 

7.5 

4.31 

5.3 

75 

3.9 

R. 0. 

BM 20 

monarthritis 

Convalescent 

10.15 

t 

5.5 

3.01 

4.7 

71 

3.3 


Repeat 

pneumonia 

15' later 

10.05 

t 

3.6 

2.16t 

5.3 

78 

4.1 

L. H. 

WF 20 

Convalescent 

9.92 

8.3 

8.0 

4.29 

7.0 

67 

4.7 


Repeat 

rheumatic 

fever 

15' later 

10.03 

6.9 

6.7 

4. lot 

5.7 

77 

4.4 

Mean If 






6.2 

62 

3.7 

“Normal** values for monkey obtained by means of the bub- 
ble flow meter, 11 observations (4), mean 

8.0 

47 

3.7 


* In the first 3 determinations the gas mixture employed was 15 per cent nitrous oxide 
and 85 per cent oxygen and was preceded by 30 minutes* inhalation of 100 per cent oxygen. 
The remaining determinations were made with a mixture containing 15 per cent nitrous 
oxide, 21 per cent oxygen and 64 per cent nitrogen and the subject breathed room air before 
the determination. 

t In these two patients a poorly fitting mask produced an eccentric curve of arterial 
nitrous oxide Content with the result that the AV difference was not exponential and the 
formula could not be used. It was still possible to obtain the integral graphically. 

t Where determinations were repeated on the same individual 15 minutes later there was 
still a small amount of nitrous oxide present in the brain and venous blood as determined in 
blood samples taken immediately before the second period of inhalation. For these deter- 
minations Vt represents the difference between the final and the small initial venous con- 
centration. 

If The authors do not attach any special significance to the mean values in man repre- 
senting as they do a heterogeneous group. They are included merely as an indication of 
values to be expected in man with no gross derangements in cerebral function. 

The identity of the mean values for cerebral oxygen consumption in tnan and monkey 
must be construed as fortuitous » since apprehensiveness and diseasevin the human subjects 
and light anesthciliuand the operative procedures in the monkeys would be expected to 
fnodify the resulti. That the values obtained by these two different methods are of tljie 
same order of magnitude is, however, certainly significant. 
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determination, 9 measurements have been performed on rhesus and spider mon- 
keys for comparison with simultaneous cerebral blood flow deteiminations 
obtained directly by means of the bubble flow meter (12). A value of 1.3 ob- 
tained from these data as described previously has been assigned to S. The com- 
parison is presented in table 1 . Over a wide range of blood flows (17 to 76 cc./lOO 
g./min.) there is good agreement between the direct measurements and those 
calculated by the present method. The mean deviation of the calculated values 
from the direct measurements is dblO per cent. Technical difficulties peculiar to 
this preparation would tend to make the error greater than that which would oc- 
cur in man where blood loss resulting from the sampling would be negligible and 
where venous samples could be taken rapidly without fear of drawing blood from 
regions other than the brain. It is fair to state that not many indirect clinical 
measurements in widespread use today have been subjected to the rigorous test 
of comparison with direct measurement. 

By means of equation 9 and using the value for S of 1.3 the cerebral blood flow 
and cerebral oxygen consumption have been calculated for 1 6 determinations in 
11 human subjects.^ The data are presented in table 2. It is worthy of note 
that these values for cerebral blood flow and oxygen consumption per 100 grams 
of brain are in excellent agreement with those obtained in this laboratory in the 
rhesus monkey by an entirely different method (4). These 16 experiments on 
human subjects are included here to indicate the feasibility of applying the 
method here described to clinical investigation. 

SUMMARY 

A method is described applicable to unanesthetized man for tb(' (luantitative 
determination of cerebral blood flow by means of arterial and internal jugular 
blood concentrations of an inert gas during the first ten minutes of its inhalation 
in low concentration. 

Certain necessary iissumptions are experimentally tested and results of the 
method in monkeys are compared with those obtained simultaneously by direct 
measurement of cerebral blood flow. 

Sixteen determinations of cerebral blood flow on eleven human subjects by this 
method have thus far been made and suggest the feasibility of applying 
this method to clinical investigation. 

The authors are grateful to Dr. J. Harold Austin for valuable suggestions and 
criticism. 
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It has been known for some time that the coagulation of blood is accelerated 
by contact with certain types of surfaces. The hypercoagulability developed in 
blood after contact with a surface like glass, has been attributed to an effect on 
the blood corpuscles themselves (the platelets principally) as well as on the 
plasma colloids (1). “Cell free” plasma itself is rendered hypercoagulable by 
contact with glass (2) (3), though the possibility remains that in whole blood the 
stability of the platelets is also affected. Just how the mechanism of coagulation 
is altered by contact has remained obscure. It is generally agreed that, what- 
ever takes place, influences chiefly that stage of coagulation preceding the forma- 
tion of thrombin; the rate of transformation of fibrinogen into fibrin by throm- 
bin does not seem to be modified by the type of surface contacting the plasma (1). 

Normal plasma, collected with especial precautions, has the property of reduc- 
ing the clot accelerating action of homologous brain extracts (4). This activity 
of human plasma seems to be exerted on the cephalin fraction of the thrombo- 
plastic lipoprotein (5) and may be properly designated as anticephalin activity. 
It appears from the following observations that plasma placed in contact with 
certain surfaces (e.g., asbestos, clay, glass) loses this activity rapidly as its co- 
agulability increases. The well known difference between the rate of coagulation 
of blood in vessels with walls of varied composition (e.g., glass and paraffin) 
appears likewise to be related to the anticephalin content of the plasm^. When 
there is an excess (as in hemophilic plasma), the difference is most pronounced; 
in normal plasma the difference becomes less, and it may cease to be evident when 
anticephalin is reduced or removed by contact with adsorbents. 

Methods. Citrated “cell free” plasma was separated from blood collected 
with especial precautions (4) from normal and hemophilic men. Pipettes used 
for measuring plasma were coated on the inside with a thin film of collodion. The 
error of measurement introduced by such a single, uniformly made thin coating 
is less than 0.5 per cent (mercury calibration). Clotting tubes (13 mm. i.d. x 60 
mm. length) made of glass (pyrex), “Lusteroid”' or glass coated with paraffin, 
collodion or “Aciyloid”* were used. Since the readings of determinations on 
paraffin, acryloid, collodion and lusteroid tubes were substantially alike, only the 
results on glass and lusteroid tubes are included in the tables. 

Cephalin was prepared by extracting acetone dried human brain with ethyl 

* Plastic tubes made by the Lusteroid Company, South Orange, N. J. 

* Liquid resinous plastic produced by Rohm & Haas, Philadelphia. 
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etlier (5). The clear extract was evaporated to a small volume, cold absolute 
ethanol was added and the precipitate thrown down by a short period of centrifu- 
gation. The cloudy supernatant fluid was discarded, the white sediment was 
suspended in a little ether and reprecipitated with cold ethanol. The precipita- 
tion was repeated once more before washing the lipid in cold acetone. The lipid 
was suspended in 10 cc. of 0.85 per cent NaCl as soon as all traces of the acetone 
had been removed and before the lipid turns yellow and adheres to the wall of the 
container. The temperature of the vessels and solutions was kept at about 5°C. 
during these steps. The best results are conveniently obtained with prepara- 
tions 0.1 cc. of which will clot 0.3 cc. of recalcified normal plasma in 80 to 100 
seconds and 1 cc. of normal blood in 100 to 120 seconds in 13 mm. wide glass 
tubes at 38®C. When kept at 5°C., cephalin suspensions have maintained their 
potency for 6 to 8 weeks. Slower acting cephalins usually result from extraction 
of powdered brains older than two months. The lipid suspension was delivered 
into the clotting tubes by means of an automatic pipette (6) which may be regu- 
lated to eject a pniform amount directly into the clotting mixture without loss 
on the sides of the tube. ^Tlatelet extract*’ results from the extraction for 24 
hours at 5°C. with distilled H 2 O (4 cc.) of approximately 0.5 cc. of packed human 
platelets separated by fractional centrifugation (7). The extract was centrifuged 
and its NaCl concentration adjusted before using. .Detection of the end point 
in coagulation of dilute plasma specimens is rendered easier by using fluorescent 
light and a dark screen for a background. Plasma anticephalin activity was 
estimated by noting the effect on the clot accelerating property of a cephalin sus- 
pension, of incubation of the plasma with the lipid in stoppered tubes, for a fixed 
period before recalcification. Close attention must be paid to the order of addi- 
tion of the reagents (5). Prothrombin was measured by the one-stage (8) and 
two-stage methods (9) using a saline extract of human brain and (in the two- 
stage method) waiting three minutes for full conversion of the prothrombin. In 
order to be able to express prothrombin time in terms of per cent pf normal, 
titration curves were worked out for both methods at various dilution levels of 
pooled normal plasma. Unless otherwise specified, statements regarding pro- 
thrombin concentration refer to determinations by the two-stage method. 

1. The coagulation of plasma on surfaces of different composition. Normal or 
hemophilic plasmas may take three or more times as long to coagulate in lusteroid 
as in glass tubes (table 1). The clot decelerating effect of incubation of plasma 
with cephalin is better demonstrated in lusteroid tubes. While the difference 
between the clotting time of unincubated normal plasma and that incubated 20 
minutes is only 53 seconds in the glass vessel, it is 156 seconds in the lusteroid 
vessel. The differences are greater when hemophilic plasma is used. After 
plasma has been allowed to remain in contact with material like asbestos, it 
shows relatively little change after incubation, and clots at about the same time 
whether in glass or lusteroid tubes, with or without the addition of cephalin 
(table 1). Increasing the glass surface exposed to contact accentuates the change 
in the plasma. For example, normal plasma held in long glass pipettes for one 
hour at 20°C. may clot in about one half the time of plasma kept in paraffin 
coated vessels. 
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The hypocoagulability induced by incubation is partly due to changes in the 
plasma itself. Standing in a stoppered tube at 38°C. leads, after thirty minutes, 
to a prolongation in clotting time, a diminution in' prothrombin and a rise in the 
pH of undiluted plasma, especially marked after thirty minutes (table 2). The 
change in clotting time is better detected in lusteroid tubes since the effect is not 

TABLE 1 


The clotting time in glass and lusteroid tubes of normal y hemophilic and adsorbed plasmas 
and the effect of incubating (S8°C.) the plasmas with cephalin before recalcification 



NORMAL 

HEMOPHILIC 

ADSORBED* 


Glass 

Lust. 

Glass 

Lust. 

Glass 

Lust. 

Cephalin clot, timef (secs.) 

0' incub 

73 

198 

238 

618 

26 

30 

5' incub 

96 

198 

274 

1154 

28 

34 

10' incub 

115 

235 

310 

1768 

33 

39 

20' incub 

126 

354 

345 

2296 

40 

42 

40' incub 

134 

506 

512 

>7200 

43 

46 

60' incub 

168 

703 

920 

>7200 

50 

64 

Plasma clot, timej (secs.) 

335 

1020 

2520 

>7200 

270 

278 


* Plasma (hemophilic) in contact with asbestos fibers (10 mgm. asbestos/ml. plasma) 
for 2 hours at 20°C. Prothrombin content (2-8tage meth.) 70% normal, 
t 0.3 cc. plasma, 0.1 cc. cephalin (incubation), 0.1 cc. 0.074 M CaCb. 
t 0.3 cc. plasma, 0.1 cc. 0.074 M Cadi. 


TABLE 2 

Effect of standing in stoppered lusteroid tubes at 38°C . on the cephalin clotting timCy 
prothrombin and pH of undiluted and diluted normal plasma 





100% PLASMA 


20% PLASMA 

10% PLASMA 

PERIOD 

OF 

- -■r---- -- . 

Cephalin clot time* 

Prothrombin time | 

1 

pU 

Cephalin clot, time* 

STANDING 

glass 

lust. j 

1 -stage 
meth. 

2-stage 

meth. 

glass 

lust. 

glass 

lust. 

min. 

sec. 

sec. 

sec. 

sec. 


sec. 

sec. 

sec. 

sec. 

0 

73 

208 

12 

14 

7.6 

83 

134 

136 

162 

10 

61 

231 

12 

14 

7.8 

74 

129 

102 

148 

20 

60 

246 

12 

14 

7.95 

63 

138 

85 

149 

40 

78 

337 

13 

15 

8.1 

60 

143 

84 

166 

60 

96 

461 

14 

16 

8.23 

67 

149 

89 

170 

90 



15 

18 

8.42 






* 0.3 cc. plasma, 0.1 cc. cephalin, 0.1 cc. CaQb. 


offset by the clot accelerating action of contact with glass. Up to 20 minutes, 
however, little impairment is detected in the coagulability of undiluted plasma. 
Diluted (20 per cent) plasma shows little or no change up to 60 minutes. It 
seems wise, therefore, when estimating anticephalin activity, to restrict the incu- 
bation to a period no longer than 20 minutes and to employ lusteroid tubes, or 
vessels with similar properties. 
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2. The coagulability of plasma after contact with various moieridls. Because 
of the with which plasma can be removed from asbestos wool fibers, this ad- 
sorbent was used in most of these experiments. Similar results were obtained 
with kaolin and infusorial earth which, however, must be removed by centrifu- 
gation after the period of exposure is over. In tables 3 and 4 are detailed the 
changes that take place in normal and hemophilic plasmas exposed to contact 
with, an adsorbent. A significant reduction in the cephalin clotting time of 
hemophilic plasma may take place after only 5 minutes of contact. Hemophilic 
plasma reaches its highest degree of coagulability after three hours* contact, 
whereas normal plasma requires two hours or less. The hypocoagulabUity that 

TABLE 3 

Effect of exposure of normal plasma to contact with asbestos fibers (1 ml. plasma! 10 'fngm, 
asbestos in stoppered paraffin coated tubes at 20^C.) 


DURATION or CONTACT 



, Minutes I 

1 Hours 

0 

IS 

30 

1 

U 

2 

3 

4 

8 

12 

24 

Cephalin clot, time* 





\ 







(secs.) 

81 

67 

69 

42 

36 

26 

37 

54 

208 

234 

456 

Cephalin clot, time: 












Mixed plasmas t 












(secs.) 


79 

72 

67 

66 

60 

55 

74 

81 

105 

101 

Plasma clot, timet (sec.) 

607 

606 

423 

343 

410 

380 

351 

1150 

>7200 

>7200 

>7200 

One-stage prothr. time: 












Seconds. 

12 

12 

10 

9 

9 

10 

12 

31 

42 

71 

138 

% of normal 

100 

100 

>100 

>100 

>100 

>100 

100 

13 

10 

5 

3 

Two-stage prothr. time: 












Seconds 

16 

16 


22 


28 

68 


384 

>900 


% of normal 

100 

100 


73 


60 

25 


4 

<1 


Fibrinogen : 












Mgm./lOO cc. plasma. , 

289 

286 

290 

174 

172 


104 

113 

93 

.. 91 

72 

% of original amt. ... 


98 

100 

60 

69 


36 

39 

32 

31 

25 


* 0.3 cc. plasma, 0.1 cc. cephalin, 0.1 cc. 0.074 M CaCU. 

t 0.25 cc, intact plasma, 0.06 cc. of adsorbed (15, 30, etc. mins.) plasma, 0.1 cc. cephalin, 
0,1 cc. 0.074 M CaCU. 

t 0.3 cc. plasma, 0.1 cc. 0.074 M CaCh. Glass tubes employed throughout these tests. 

folloi^rs after four hours results from a decrease in prothrombin and eventually 
of fibrinogen itself. The decrease in prothrombin seems to progress more rapidly 
in normal than in hemophilic plasma. The discrepancy between results of de- 
terminations by the one-stage and two-stage methods in the first few hours of 
contact appears to be due to increases in the conversion rate of prothrombin, as 
anticephalin is progressively removed from the plasma (10). After five minutes 
of contact with asbestos, hemophilic plasma can accelerate slightly the clotting 
of intact plasma. Both normal and hemophilic plasmas are most active, in this 
respect, /ifter about two hours of contact and seem to lose this property gradually 
as prothrwnbin decreases below 50 per cent (tables 3, 4). The clot accelerating 


% 
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properties of adsorbed plasma might result from its content of highly convertible 
(anticephalin-free) prothrombin, or a substance closely associated with it. 

TABLE 4 

Effect of exposure of hemophilic plasma to contact with asbestos fibers (1 ml, plasma/ 10 
mgm, asbestos in stoppered paraffin coated tubes at ^0°C.) 


DURATION or CONTACT 



Minutes 

Hours 


0 1 

5 1 

15 1 

30 

1 

2 

3 I 

4 

8 

12 

16 

24 

48 

Cephalin clot, time* (sec.) . 

212 

148 

84 

63 

46 

39 

28 

35 

65 

128 

167' 

1 

255 

660 

Ceph. clot, time— mixed 














plasmasf (sec.) 


197 

138 

131 

94 

96 

97 

103 

107 

176 


227 

236 

Plasma clot, time (mins.) 

43 

31 

25 

21 

18 

16.2 

5.8 

5.6 

13 

>120 

>120 

>120 

>120 

One-8ta«e prothr. time 














seconds 

12 

12 

11 

11 

10 

10 

8 

9 

13 

32 

40 

56 

160 

% of normal 

100 

100 

>100 

>100 

>100 

>100 

>100 

>100 

85 

14 

12 

6 

3 

TwoHstage prothr. time 














seconds 

16 


19 



22 

27 

30 

60 

270 


>900 


% of normal 

100 


84 



73 

62 

56 

28 

6 


<1 


Fibrinogen: 














mgm./lOO cc. plasma.... 

490 

496 

506 

447 

3381 


289 1 


258 



175 

88 

% of original amt 


i 


91, 

69 


58 


52 



35 

17 


* 0.3 cc. plasma, 0.1 oc. oephalin, 0.1 cc. 0.074 M CaCls. 

1 0.25 cc. intact plasma, 0.05 cc. of adsorbed (5, 15, or 30, etc. mins.) plasma, 0.1 cc. oephalin, 0.1 cc. 0.074 M CaCli. 
X 0.3 cc. plasma, 0.1 cc. 0.074 M CaCh. 

Glass tubes employed throughout these tests. 



Fig. 1. The oephalin clotting time (glass tube) of hemophilic plasma after contact with 
increasing amounts of asbestos wool fibers. 


Increasing the amount of adsorbing surface brings about these changes more 
rapidly. If enough adsorbent (100 mgm. per 1 ml. plasma) is used there may be 
a reduction in the prothrombin to 5 per cent or less, after only one minute of 
contact. The cephalin clotting time is then prolonged from the start (fig.^1). 
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The gradual decrease in prothrombin and fibrinogen when small amount^ of 
adsorbent are used is probably due at first to adsorption. After contact for 
about two hours, some clotting occurs spontaneously in the plasma; part of the 
decrease in the prothrombin and fibrinogen that takes place then, must result 
from their transformation into thrombin and fibrin. As observed microscopi- 
cally, plasma in contact with asbestos fibers may stand for about one hour with- 
out any evidence of fibrin formation. The fibrin first appears immediately in 
contact with the asbestos strands, indicating perhaps that it is in this zone first 
that the plasma becomes unstable. 

In the order of their effectiveness, the following materials (10 mgm. per ml. 
plasma for two hours at 20°C.) are active in enhancing the coagulability of plasma 
brought into contact with them: asbestos fibers, infusorial earth, kaolin, pumice 
stone, filter cell, talc, glass particles and glass wool. Animal charcoal, permutit 
and silica gel, seemed less effective and cellophane strips, cotton fibers, iron, 
aluminum, copper and brass shavings have no significant effect. Partial immersion 
of a Pasteur-Chamberland filter candle in '‘cell free,’’ citrated normal plasma for 
one hour reduces to one third or less the clotting time and anticephalin activity 
of the plasma. Filtering 10 cc. of plasma through a Berkefeld V filter over a 
period of forty seconds removes some of its prothrombin and so alters the plasma 
that on addition of cephalin it clots faster than the unfiltered plasma with normal 
prothrombin content. The amount of calcium required for optimal recalcifica- 
tion is not changed after contact of plasma with asbestos, indicating that there 
has been no loss in citrate. Plasmas exposed to adsorbents are, nevertheless, 
quite unstable. A.fter standing for 1 to 2 hours, even at 5°C., plasmas filtered 
through Berkefeld candles or Seitz pads begin to clot spontaneously. It was this 
complication that forced British workers (11) to resort to especial methods 
(blocking the conversion of prothrombin by raising the pH of the medium) to 
insure the fluidity of filtered plasma. The often observed spontaneous conver- 
sion to thrombin of purified prothrombin solutions (12), even in the^ absence of 
calcium, may result from loss of the protection afforded by anticephalin against 
the effects of contact. 

3. The coagulability of diluted 'plasma in vessels of different composition. When 
normal and hemophilic plasmas are diluted, their coagulability is enhanced, until 
a concentration of about 20 per cent of the plasma is reached; beyond that point 
there is usually a prolongation (table 5). Up to 20 per cent concentration the 
effect of prothrombin diminution is apparently offset by the reduction of anti- 
cephalin and the consequent increase in the prothrombin conversion rate (10). 
The clot accelerating effect of dilution is best observed in Uisteroid tubes and is 
especially pronounced in hemophilic plasma. Dilution inust also reduce the 
antithrombin content of the plasma, thereby contributing to further shortening 
of the clotting time. Plasma tested after being exposed to adsorbents (10 
mgm./l ml. plasma for 2 hrs. at 20®C.) does not, however, seem to have lost anti- 
thrombin. Unlike normal and hemophilic plasma, dilution of the adsorbed 
plasma prolongs its clotting time from the outset, and does not alter its behavior 
in the two types of vessel. Adsorbed plasma clots at approximately the same 
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rate in glass or lusteroid tubes and the effect of incubation with cephalin (20 
min.) is not striking. 

A certain correspondence appears to exist between the differences in the cepha- 
lin clotting time in glass and lusteroid tubes and those between unincubated and 
incubated plasma in lusteroid tubes (table 6). Both differences are greatest in 
hemophilic plasma. As anticephalin activity diminishes, the difference between 
the clotting time in the two tubes also progressively decreases, until it is no longer 
evident at the end of two hours of contact (table 6).^ Since reduction of anticeph- 
alin activity by diluting plasma or exposing it to adsorbents is manifested by 
decreases in the difference between the clotting time in glass and lusteroid vessels^ 
the extent of this difference may give an approximate measure of this activity^ 


TABLE 5 

Effect of dilution on the clotting time] in glass and lusteroid’' tubes of normal y hemophilic 
and adsorbed plasmas before and after incubation with cephalin 





NORMAL 


HEMOPHILIC 

ADSORBEDt 

CONC. OF 

TYPE OF 






Period of incubation (mins.) 






PLASMA* 

VESSEL 


















0 

1 

20 1 

40 1 

60 1 

« i 

10 1 

20 1 

40 1 

60 

0 

10 

20 

40 

60 

% 







Clotting time in seconds 







100* 

Glass 

73 

115 

126 

134 

168 

238 

310 

345 

512 

920 

26 

33 

40 

43 

60 

Lust. 

198 

235 

354 

506 

703 

618 

1768 

2296 

>7200 

>7200 

30 

39 

42 

46 

64 

50 

Glass 

65 

82 

97 

112 

146 

174 

216 

259 

318 

360 

34 

45 

57 

60 

64 

Lust. 

154 

194 

223 

429 

617 

397 

543 

890 

1387 

2400 

34 

46 

55 

66 

75 

20 

Glass 

56 1 

67 i 

78 

95 

122 

254 

280 

330 

354 

390 

48 

65 

67 

71 

78 


Lust. 

134 

173 

185 

294 

406 

331 

436 

457 

607 

758 

45 

52 

69 

78 

83 

10 1 

Glass 

91 

100 1 

126 

i 

134 

151 

293 

329 

340 

363 

378 

80 

91 

100 

106 

115 

Lust. 

162 

187 

i 209 

1 

255 

310 

402 

426 

1 

470 

540 

657 

79 

89 

103 

108 

116 

5 

Glass 

154 

169 

! 203 

! 210 

215 

400 

1 

; 418 

450 

461 

1 473 

155 

162 

173 

180 

187 


Lust, 



202 

274 

1 327 

! 337 

360 

487 

1 539 

505 

581 

622 

149 

156 

168 

1 

179 

186 


* Dilutions of plasmii made with 0.85% NaCl. 

t 0.3 cc. plasma, 0.1 cc. cephalin (incubation), O.I cc. CaCh. u , • 

t Hemophilic plasma exposed to a.sl>e.sto.s fibers for 2 hours at 20'’C. (10 nigra asbestos/ml. plasma) . Prothrombin 

content (2-stage method) 70% of normal. 

The effect of surface contact and dilution on the behavior of the plasma is best 
demonstrated when platelet extracts are used as the thromboplastic agent (table 
6 and fig. 2). Though such extracts seldom have the potency of either cephalin 
or saline tissue extracts, they seem to be especially susceptible to the clot deceler- 
ating action of hemopliilic plasma. It has not been possible, howe\ er, to demon- 
strate in glass or lusteroid tubes any clot delaying effect of incubation of platelet 
extracts with normal plasma. The presence of some intact platelets in the ex- 
tract may nullify (in normal plasma) any clot delaying effect of the incubation. 
Dilution of plasma or its exposure to adsorbents enhance the clot accelerating 
action of the platelet extract and reduce or eliminate the difference between the 
coagulability of the plasma in glass and lusteroid tubes. In the dilution used 
(1-2,000), brain extract clots plasma in approximately the same time in glass and 
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TABLE 6 

Effect of various thromboplastic agents on the clotting time* {in glass and lusteroid tubes) 
of undiluted and diluted hemophilic plasma and of normal plasma exposed to 
asbestos fibers {10 mgmjl ml. plasma) 


NORMAL PLASMA 


THROMBOPL. AGENT 

CONC. 

OP 

PERIOD 

OP 

INCDB. 

HEMOPH. 

PLASMA 

Duration (mins.) of contact with asbestos 

PLASMA 



0 

15 

30 

60 

1 120 




' Gl. 

Lu. 

Gl. 

Lu. 

Gl. 

Lu. 

Gl. 

Lu. 

Gl. 

Lu. 

Gl. 

Lu. 


% 

mins. 













Cephalin 

100 

0 

189 

653 

104 

187 

62 

85 

44 

47 

40 

40 

36 

36 


100 

20 

327 

4065 

121 

374 

83 

159 

54 

62 

56 

56 

48 

45 


20 

0 

210 

320 

68 

134 







48 

45 


20 

20 

305 

462 

86 

185 







67 

69 

Platelet extract 

100 

0 

652* 

1605 

126 

441 







94 

94 


100 

20 

690 

30^ 

102 

396 







80 

87 


20 

0 

470 

597 

115 

256 







172 

186 


20 

20 

380 

646 

98 

244 







130 

130 

Dilute brain ex- 

100 

0 

80 

91 

78 

86 

59 

59 

45 

45 

40 

40 

38 

38 

tract 

20 

0 

68 

72 

67 

77 





56 

56 

63 

63 

Viper venom 1- 

100 

0 

68 

68 

70 

70 

70 

70 

74 

71 

68 

69 

81 

81 

500,000 

20 

0 

87 

85 

82 

82 





107 

107 

154 

154 


* 0.3 cc. plasma, 0.1 cc. thromboplastic agent (0 or 20 min. incubation), 0.1 cc. CaCL. 
^ All figures in the body of the table express clotting time in seconds, unless otherwise 
noted. 



Idg. 2. Effect of dilution of the plasma on the clot accelerating action of cephalin and 
l^latelet extract. Adsorbed plasma: hemophilic plasma after contact with asbestos fibers 
or 2 hours at 20®C. (10 mgm. per 1 ml. plasma). Glass tubes employed. 
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lusteroid tubes and its clot accelerating action is, like cephalin, diminished by 
incubation (4) and enhanced by diluting the plasma or exposing it to adsorbents 
(table 6). The clotting time of plasma to which Russel Viper Venom is added 
is prolonged by dilution of the plasma, and not significantly shortened by expo- 
sure to adsorbents. The venom seems invulnerable to anticephalin (5) and clots 
plasma whether hemophilic, normal or adsorbed, in about the same time in glass 
or lusteroid tubes. 

If dilution is continued under 5 per cent, it almost effaces the difference in the 
reaction of hemophilic and normal plasmas towards cephalin (fig. 2) and equal- 
izes their prothrombin conversion rates (10). This fact in itself seems to support 
the viewpoint that in hemophilic plasma there is an excess of an inhibitor of 
coagulation rather than a deficiency of an accelerator. 

Comment. The clot accelerating effect of contact with glass might result 
from the addition of something to the plasma, or by modification or removal of 
one or more factors already existing in the plasma. It is unlikely that glass tubes 
or infusorial earth filter candles release into the plasma substances which will alter 
its coagulability. It appears more likely that the enhanced coagulability of 
plasma in or after contact with glass, asbestos, kaolin, etc., results from an in- 
crease in the rate of conversion of prothrombin, as anticephalin is lost from the 
plasma. Surfaces like paraffin, collodion, lusteroid and acryloid presen’e anti- 
cephalin activity much longer than glass, and thereby help to maintain the con- 
version of prothrombin by cephalin at a slow rate. Whitby and co-workers (11) 
attributed the clotting of plasma filtered through asbestos pad.s to some factor 
in crude asbestos which is removed by washing with 2N nitric acid. This should 
not necessarily imply that the factor is released into the plasma during contact. 
Treatment with acid alters the constitution of the chrysotile fiber (13), and 
changes its physical appearance and adsorptive properties. These changes jfer- 
haps are responsible for the lower efficacy of acid washed asbestos as an adsorb- 
ent. Hemophilic and normal plasmas in contact with crystalline (Gooch fiber) 
asbestos undergo changes similar to those observed when asbestos wool is used, 
but require contact for about twice as long a period of time. < 

A high content of silica enters into the composition of glass and of the more 
effective adsorbents employed. Plasma can be rendered hypercoagulable by 
contact with silicic acid powder itself. Perhaps the changes in the plasma after 
contact with glass and similar materials can be traced to the adsorptive proper- 
ties of silica compounds in general. 

Plasmas with an excess of anticephalin (e.g., hemophilic) appear to be better 
protected not only from activation by cephalin but also from the effect of contact 
with glass. Excessive anticephalin activity seems to account for the prolonged 
coagulation time of hemophilic blood in glass tubes and its even more delayed 
coagulation in paraffin coated tubes. In contrast, blood from normal individuals 
after an acute hemorrhage clots faster than normal, and at about the same rate, 
in the two types of tube. Plasma from such individuals has a low anticephalin 
activity (14) and resembles that after contact with a small amount of asbestos 
for a short period of time. 
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SUMMARY 

The coagulation of plasma proceeds at a slower rate in paraffin, collodion, 
“lusteroid” or “acryloid” tubes than in glass ones. Differences between the co- 
agulaMty of a plasma in glass and in the other tubes generally parallel its degree 
of anticephalin activity. Dilution, or contact of the plasma with certain adsorb- 
ents, tends to equalize the behavior of the plasma in all tubes, to reduce anti- 
cephalin activity, and may eliminate or decrease the difference in coagulability 
and reaction toward cephalin, between normal and hemophilic plasmas. 
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While it is now definitely established that a reduction in minute cardiac out- 
put and stroke volume is a constant and contributing factor of the shock syn- 
drome, little investigation has been carried out to determine whether or not 
this is associated with a reduction in heart size. It has been established that a 
reduction in venous pressure, which is part of the shock picture, will lead to a 
reduction in heart size (1-8) and such a reduction in heart size has been found 
to occur in shock when the heart Is examined in the open chested animal (9-12). 
As far as we know there has been only one investigation on the heart size in 
shock as measured in the closed-chest animal with the x-ray, and in this study 
a decrease in heart size was reported (13). It is not clear from the.se studies 
to what extent the reduction in heart size is attributable to increased heart 
rate which, even in the absence of shock, leads to a decrease in heart size (1, 14). 
Furthermore, it is well known that anoxemia, due to the slowed circulation, 
complicates shock and this could obscure the effect of heart rate and reduction 
in venous returns since it is known that anoxemia leads to cardiac dilatation 
(15, 16, 17). It was considered important, therefore, to investigate changes in 
heart size using the x-ray in the intact closed-chest dog during various stages 
in the development of shock. In this study, an attempt was made to distin^ish 
between the changes in heart size accompanying tachycardia from those attribut- 
able directly to shock. In some experiments atropine was administered during 
the course of the experiment in order to minimize heart rate chanps. 

Procedi^ke., Dogs anesthetized with nembutal (25 mgm./K. intraperi- 
toneally) were used. The operative procedure for producing shock was that of 
injecting lampblack into the external iliac veins of both hind limbs (18). In 
the atropinized dogs, 0.8 mgm. atropine was administered simultaneously with 
the anesthesia. Venous pressure was measured in the right external jugular 
or brachial vein by means of a single limb manometer filled with saline. Zero 
levels were obtained postmortem from the center of the right auricle. Arterial 
blood pressure was obtained directly from the femoral artery by means of the 
Hamilton needle manometer (19). Heart rate was determined by pulse count 
at the time of x-ray as well as from the blood pressure records. 

X-rays were obtained in the x-ray department,^' the tube being fixed at 36 
inches from the chest of the dog, the exposure time being jV sec., using a current 

» Aided by the A. D. Nast Fund for Cardiovascular Research. This study was done 
under the auspices of the Shock Committee of Michael Reese Hospital and was supported 
in part by the Michael Reese Research Foundation. 

> We are indebted to Drs. R. Arens and I. Lewis of the X-Ray Department for their 

co-operation. 
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of 100 milliamperes. Fifty-four kilovolts were used for the anteroposterior 
position and 57 for the lateral position. Before taking the x-ray films, the 
chests of long haired dogs were clipped for better contrast and to make the bony 
landmarks more easily identifiable. 

Films were taken at the -height of inspiration, except when studying the 
effects of respiration. For anteroposterior exposures the dogs were placed 
supine on an animal board, the body carefully aligned so that the vertebral 
column was straight on a center line, and the shoulders were fixed by two upright 
rods lateral to the neck, the fore and hind limbs being extended. The x-ray 
tube was centered on the level of the fourth intercostal space in the mid-stemal 
line. For the left lateral exposure, the dog was placed on its left side, with 
the forelimbs extended cephalad, the hind limbs caudad, and the back aligned 
along a' straight line. The positions of the film and x-ray tube were not altered, 
the dog being simply turned on its side. 

The heart shadow and chest silhouette of x-ray films so taken were retraced 
on translucent paper over a viewing box and the area of the heart and chest 
were measured in square centimeters with a planimeter. 

All determinations and x-ray films were taken before, soon after and later 
during the course of shock after the bilateral venous occlusion of the hind-limbs 
had been performed. The procedure of this operation has already been described 
(18). All dogs were autopsied. 

Results, a. Controls. Several types of controls were used to determine 
the accuracy of the x-ray measurements. 

The first was to eliminate the error involved in retracing the shadows and 
measuring the area by planimeter. In several cases the tracings made by 
several individuals were used to check biases. Nineteen films were retraced 
twice and the pairs of tracings measured several times. The variation in measur- 
ing the area of the anteroposterior heart shadow ranged from 1.5 to 5.8 per cent, 
averaging 2.8 per cent. The range for the lateral heart shadow was from 0.3 
to 3.7 per cent, averaging 2.2 per cent. The measurements of the c^est cavity 
size, in both views varied from 0 to 8.1 per cent, averaging 1.5 per cent. The 
error involved above was primarily an error of retracing the outlines since the 
error in planimetry is less than 1 per cent as shown by multiple trials. In 19 
instances two anteroposterior films in succession were taken, all in inspiration, 
and the difference in the cardiac area ranged from 0 to 11.3 per cent, averaging 
4.7 per cent. In these films the differences in chest size varied from 0.5 per cent 
to 9.3, averaging 3.2 per cent. These variations were greater than in retracing 
the same film and indicate that the increase was due to differences in phase of 
respiration, to spontaneous fluctuations in heart size, or to shifts in its position. 

In 11 cases the effect on heart size of the phase of respiration at which the 
film was exposed was measured in anteroposterior films. In 5 cases the heart 
size during expiration was smaller than in inspiration by from 1.1 to 11.5 per 
cent, averaging 5.8 per cent. In 6 cases the heart size during expiration was 
larger than in inspiration by 0.2 to 10.7 per cent, averaging 3.8 per cent. Thus 
the range of change in heart size in respiration varied from an increase during 
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expiration of 10.7 per cent to a decrease of 11.5 per cent; the averages ranging 
from +3.8 to —5.8 per cent. The direction of change was not consistent, 
therefore, and was often outside the error of retracing. Consequently, in the 
experiments on shock, great care was taken to take all exposures at the height 
of inspiration. 

The error of placement of the animal was next studied. For this purpose, 
an unoperated anesthetized dog was used and four sets of anteroposterior and 
lateral films were taken. The first and second were taken in quick succession, 
the dog being removed from the animal board between sets of exposures. The 
third and fourth sets were taken in like manner, two hours later; the heart rate 
in the first set was 122 and in the second was 132 beats/min. The difference 
in the heart area of the two anteroposterior films was G.8 per cent for the first 
set and 6.0 per cent for the second. The difference in the heart area of the 
two lateral films was 7.4 per cent for the first set and 6.0 per cent for the second. 
The difference in the chest size between pairs of film ranged from 8.6 and 7.9 
per cent in the lateral view and 2.8 and 3.9 per cent in the anteroposterior view. 
The error introduced by this procedure included the errors of the previous 
controls (except variation in phase of respiration) and the error of proper place- 
ment. The latter apparently was not as great as the former since the differences 
found in the sets was not increased much over that in checking pairs of retracings, 
or in taking two films in succesvsion. 

In one instance the effect of a marked change in heart rate on an unoperated 
anesthetized animal was noted. This dog was ergotamized (0.5 mgm. ergotamme 
tartrate intravenously) and the first films were taken when the heart rate was 
87 beats/min. Then 0.9 mgm. atropine sulfate was administered intravenously 
and when the heart rate increased to 144 beats/min. the second films were 
taken. This 57 beat per minute change in heart rate caused a decrease of 3.2 
per cent in the heart shadow in the anteroposterior view and a 1.4 per cent 
decrease in the lateral view. These changes are well within the experimental 
error of the method of making measurements. These results are in accord 
with those of Meek (14) who found only slight decreases in heart size when the 
rate increased up to 110 beats/min. and only above 110 beats/min. was there a 
noticeable decline in heart size which became more and more pronounced with 
each increment of heart acceleration. 

These control studies incline us to believe that in an analysis of the changes in 
shock, a significant result can be considered as one in which the changes in 
heart size go in a consistent direction. Changes over 10 per cent are definitely 
significant, changes between 5 and 10 per cent if consistent should be considered 
probably significant, and changes less than 5 per cent are probably within the 
experimental error. 

6. Shock experiments. A total of 10 shock experiments were carried out and 
these are tabulated in figure 1, Heart size in some experiments was determined 
from the area of the heart in the anteroposterior position; in other experiments, 
it was determined by the product of the heart areas in the anteroposterior and 
lateral views. The results in all experiments were consistent and in the same 
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direction, and for the most part outside the range of experimental error. No 
specific difference was found in the animals which were atropinized and those 
not atropinized; nor was there any significant difference in the animals having 
no significant cardiac acceleration (*4“10 beats/min.) and those with definite 
cardiac acceleration (up to 50 beats/min.). In all, there was a definite decrease 
in heart size which was greatest immediately after operation and lessening pro- 
gressively in the postoperative period. No clear correlation could be made 
between the amount of decrease in heart size and survival time. In some in- 



Fig. 1 2 

Fig. 1. Data on change in heart size in 10 experiments following bilateral venous occlu- 
sion of the hind limbs of the dogs. Ordinates give per cent change in size, 100 per cent 
being the size of the heart in the teleoroentgenogram in the control period before opera- 
tion was begun. Abscissae give time post-operatively in hours. In 5 dog^, heart rate 
changes wer^ minimized by atropinization (viz., those experiments labelled by open tri- 
angles, open squares, solid circles and circles with crosses in them). Discussed in text. 

Fig. 2. Graph depicting the effect on x-ray heart size following bilateral venous occlu- 
sion of the hind limbs of the dog. Ordinates as in figure 1. Abscissae give time post- 
operatively as per cent of total post -operative survival time, total post-operative survival 
time being considered as 100 per cent. Heavy line shows the mean of the values, the 
thin lines delineate the scatter of the individual values shown as points on the graph. All 
the values of figure 1 are included. Discussed in text. 

stances, in those dogs surviving longest, the heart size became stationary after 
the first or second hour, and in several there was a definite small terminal increase 
in heart size. 

The great variability in survival time suggested that the results could be 
more clearly depicted by plotting the heart sizes against a time scale in which 
the total postoperative survival time regardless of its duration is considered 
100 per cent and the time at which the reading was made measured as a per- 
centage of the entire survival time. The results of this recalculation are shown 
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in figure 2. A definite and consistent pattern of change in heart size is revealed 
by the mean values and the scattered points. The heart decreases in all instances 
in curvilinear fashion, steepest in the first 5 per cent of the postoperative survival 
period, and this decrease becomes gradually less and less until at the end of the 
first 25 per cent of the postoperative survival period, the change is insignificant. 
In fact in the last 20 per cent of the postoperative survival period there is a 
tendency for heart size to increase slightly. 

Discussion. These results show that shock produced by bilateral venous 
occlusion definitely leads to a decrease in heart size. This decrease in heart 
size occurs even in atropinized animals and when heart rate acceleration is 
minimal or absent. It is apparently due to the loss of circulating blood volume 
into the operated limbs, a process which initiates the vicious cycle of the shock 
syndrome. The heart shares in this diminution of size. The decrease in size 
of the heart is an early phenomenon occurring during the period when shock is 
beginning. This would lend support to the view that a cardiogenic factor comes 
into operation early to contribute to the slowing of the rate of circulation. This 
cardiogenic factor is not a primary one but a secondary one resulting from loss 
of blood volume which decreases heart size and the minute output that it pumps. 

The lesser decrease in heart size later is in part presumably due to the lessened 
rate of loss of fluid into the occluded extremities as well as the re-entry of fluid 
into the vascular system from the extravascular compartments. It also is 
attributable in part to the ill-effects of the developing shock tending to impair 
the condition of the heart and thereby leading to loss of tone. Among the 
ill-effects that might operate in this way, the most obvious is ischemia, since 
coronary flow should share in the decline in the total systemic flow, particularly 
as the blood pressure falls. Doubtless other, and at present less clearly defined, 
effects on the metabolism of the heart operate to lead to loss of tone. Such a 
loss of cardiac tone, tending to increase heart size, counteracts in a progressively 
greater ai^ greater degree the effect of decreasing circulating blood volume, 
until toward the end it actually dominates slightly. 

If this interpretation is correct, the cardiac contribution to the progression 
and ultimate irreversibility of shock is a two-fold one. The first is the result 
of loss of circulating blood volume which in the type of experiment performed 
in this study initiates the state of shock. The second is an impairment of the 
tone of the heart and presumably also its contractile power as a result of the 
slowed circulation. The latter would contribute to embarrass the circulation 
further. There remains little doubt that such observations on changes in heart 
size are compatible with the view that vicious cycles involving the heart itself 
contribute to the progression of shock and to its irreversibility. 

SUMMARY 

Changes in heart size following the production of shock by bilateral venous 
occlusion of the hind limbs of the dog were studied by means of x-ray. X-ray 
films of the heart in the anteroposterior and left lateral positions were taken, 
retraced, and the shadow area determined by planimetry. In some experiments, 
heart rate was controlled by atropinization. 
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Control studies showed that a change of heart size of 5 per cent, if uniforrn 
and consistent, was probably significant, and a 10 per cent change was unequivocal. 

The operative procedure employed led to a consistent decline m heart size 
greatest in the first hour. This decline was attributed to the loss of circulatmg 
blood volume as shock developed, the rate of loss lessening as the expenment 

^ The rate of decline in heart size lessened after the first quarter of the post- 
operative survival and later the heart size did not change or, even, mcrease 
slightly. It is suggested that these later changes may be due, m part at least, 
to the development of myocardial ischemia, as a result of the slowed rate of 
blood flow, shared by the coronary circuit, leading to a loss of cardiac tone. 

We are indebted to Mr. Gerald Graham for his assistance in the execution 
of these studies. 
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In a previous study data were reported which indicate that the value of the 
distribution ratio of bromide ion between serum and cerebrospinal fluid varies in- 
versely as the concentration of bromide ion in the serum (1). At low serum 

bromide levels in dogs, the ratio approaches 2; at very high serum bro- 

[dT Jsp. fl. 

mide levels the ratio approaches unity. The significance of these values is 
entirely different* The higher value must be interpreted as indicating the exist- 
ence of one or more factors which prevent the free diffusion of bromide ion from 
the serum into the spinal fluid or, as usually stated, as indicating the existence of 
a “barrier^’ to the passage of bromide ion into the cerebrospinal fluid. On the 
other hand, a distribution ratio at or near unity suggests that a process of filtra- 
tion is operative and, by implication, that no barrier to the free passage of the 
substance in question exists. 

The observation that the ability of bromide ion to gain access to the cerebro- 
spinal fluid may be altered experimentally seemed sufficiently important, espe- 
cially in view of our imperfect knowledge regarding the exact mechanism of the 
formation of the cerebrospinal fluid, to warrant further investigation of this 
finding utilizing a different approach. In addition, experiments were performed 
to determine whether the distribution of other ions normally present in the body 
fluids is affected by the conditions which affect the bromide distribution. 

The general procedure followed in these experiments was designed to produce 
initial local increases in the bromide concentration of the cerebrospinal fluid 
while maintaining the bromide concentration of the serum at a level at which 
previous experiments had shown it possible to demonstrate the presence of the 
‘^bromide barrier.’^ To attain these conditions, hypertonic solutions of sodium 
bromide were administered intravenously to a series of dogs. After an equili- 
bration period of 24 hours, and after withdrawing a sample of blood and of spinal 
fluid for bromide analysis, a hypertonic solution of sodium bromide (0.6 gram 
NaBr in 3 cc. of water) was injected intracisternally to produce a local increase 
in the bromide concentration of the spinal fluid. Thereafter, and without any 
further bromide administration unless otherwise stated, samples of blood and 
spinal fluid were withdrawn periodically for analysis. Needle puncture of the 
cistern was done under ether anesthesia. 

Methods. This study involved the determination of bromide, total halide, 
water, sodium and potassium, in serum and spinal fluid. The methods employed 
for bromide, total halide and water have been described previously (2). Sodium 
was determined according to the method of Butler and Tuthill (3). For the 
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determination of potassium the method of Shohl and Bennett (4 was used env 
paying two minor technical modifications. First, because p atmum crucibles 
were not available, siUcon crucibles were used; second, instead of making asbestos 
filters in small funnels as recommended, the filters were formed in small thistle 
tubes. These were fitted at the top with one hole rubber stoppers through which 
was inserted one end of a small inverted “U» tube. The other end of the U tube 
was dipped into the solution to be filtered, while the stem of the thistle tube was 

TABLE 1 

Bromide distribution ratio follow ing inlracisternal administration of sodium bromid ^ 

1 IBrlmM 1 HjO c»^ 1 . — 1 time 

(Brlsp. ,1. 


[Br]mM 
KGM. H2O 


Dnir l_wt 16 7 kem 20 grams NaBr intravenously. Initial serum and spinal fluid 
anTsp fl!) wHhdrawn 24 hrs. later after which 0.6 gram NaBr in 3 cc. H.O m- 

, . . ♦ i _ 11 



24.4 

920.0 



24.8 

912.0 


21.4 

911.0 


22.0 

912.0 


22.0 

911.0 


19.6 

990.0 


24.8 

988.0 

opinm 

24.0 

995.0 

tSpiuai 

22.0 

994.0 


22.0 

988.0 


"Dog 2-male. Wt. 16 kgm. 20 grams NaBr intravenously. So and Sp. fl. 
later after which 0.6 gram NaBr in 3 cc. H*0 injected intracisternally. 


24 hrs. 


Serumo . . 
Serumi . 
Serum 2 . 
Serums . 
Serumi . 


32.3 

928.0 

1.21 

0 

29.2 

924.0 

0.98 

26 

28.8 

925.0 

1.04 

52 

25.2 

928.0 

1.10 

72 

27.3 

923.0 

1.12 

96 

26.7 

988.0 



29.8 

986.0 



27.2 

' 986.2 



23.3 

986.7 



24.3 

988.0 




« . 1 a 26.7 988.0 

Spinal fluido ^ ^ 

“ 27.2 • 986.2 

• 23.3 986.7 

Stt::::::::::::::::--.:-'- 

applied to a suction flask as usual. This modification obviates the “ecesaty of 
pouring the solution into the small filter funnel and thereby avoids the r^k of 

drops of solution running down over the outside of the 

h«« taken nlace. Both the methods for sodium and potassium 


precipitation has taken plane. Both the meth^ lor socuum .nu 

were checked initially against known solutions and were found to yield theoretical 

In table 1 are presented complete data obtained on two dogs in a 
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series of six treated similarly. Since all dogs in the series showed the same re- 
sponse to intracisternally administered sodium bromide, a detailed report upon 
the remaining dogs would serve no useful purpose. 

It will be noted that the ratio — remains depressed following the intra- 

[ijr Jap. fl. 

cisternal administration of sodium bromide for as long as four days. The values 
obtained are more significant when considered in the light of our previous report 
which indicated that in the large series of dogs studied such low values were never 
obtained by alteration of the serum bromide level until the concentration of 
bromide in the serum reached a range from 70 to 90 millimols of bromide per liter 
of serum ; and indeed even then values as low as 0.98 were not reached. At serum 


TABLE 2 


SAMPLE 

1 

Br mM 

H2O GRAM 

[Brie 


KGM. H2O 

KGM. 

FL. 

REMARKS 


Dog 3 — Female. Wt. 14 kgm. 20 grams NaBr intravenously. After So and Sp. fl.o 
were withdrawn 0.6 gram NaBr were injected intracisternally. 


Serumo 

33.9 

925.0 

928.0 

1.19 

1.04 

After initial NaBr by vein 

After intracistemal NaBr 

After second intravenous dose 
of NaBr (4.0 grams) 48 hours 
between samples 

Serumi 

34.7 

Serum2 

44.0 

924.5 

1.08 

Sp. fl.o 

28.4 

991.0 

Sp. fl.i 

33.5 

990.6 

986.0 



8p. fl.2 

41.0 




Dog 4 — Female. Injected with 20 grams NaBr intravenously 


Serumo 

38.6 

921.0 

1.16 

After initial NaBr by vein 

Serunii 

40.2 

916.0 

1.06 

After intracistemal NaBr 

Serum2 

40.4 

920.0 

1.05 

After a second intravenous dose 

• 




of NaBr (4 grams) 48 hours be 





^ tween samples 

Sp. fl.o 

33.0 

984.0 



Sp. fl.i 

37.7 

985.0 



Sp. 6.2 

38.5 

987.0 




bromide levels such as maintained in these animals (10 to 30 mM/L.) one would 

rr> ^1 

expect the value of the ratio ^ — to fluctuate about an average of 1.25. 

[Br-]ap. fi. 

Reference to table 1 shows that the two dogs reported here fulfilled this expectation 
before sodium bromide was administered intracisternally. 

These observations raised the interesting question as to what effect intravenous 
administration of sodium bromide would have upon the value of the ratio while, 
as the result of intracistemal injection of sodium bromide, the bromide barrier 
is depressed. In table 2 are reported experiments directed at this question. 

Apparently artificial restoration of the normal ratio (1.19 in dog 3 and 1.16 
in dog 4) which must have occurred at some time between the second intra- 
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venous injection of NaBr (in hypertonic solution) and the attainment of the 
previous low ratio does not result in the maintenance of the ratio. The altera- 
tion of the ratio by intracistemal injection of sodium bromide therefore seems 
permanent while the effects persist. 

In table 3 is shown a summary of results of experiments conducted to deter- 
mine the time at which equilibriiun is reached following intracisternal injection 
of sodium bromide. These data indicate that equilibrium is attained slowly, 
from 6 to 24 hours being required. These findings are consistent with observa- 
tions reported previously that equilibrum between serum and spinal fluid follow- 
ing intravenous injection of sodium bromide is also slow (1,5). The equilibrium 
attained here may be more apparent than real. It is possible that the low values 
of the ratio obtained by intracisternal injection of sodium bromide represent a 
stage of arrest in the re-establishment of equilibrum. From this point of view 
this apparent equilibrium is attained within 24 hours, is maintained for several 
days, and is followed by a more gradual reversion, as recovery occurs, to a truer 
type of equilibrum which is a function of the serum bromide level and perhaps 
other factors. 


TABLE 3 

Rate of attainment of equilihrium following intracisternal administration of sodium bromide 



IBrls 

TIME 

DOO NO. 

(Brlgp 

■ 


hrs. 

5 

0.91 

6.25 

6 

0.99 

6.25 

7 

0.72 

9,5 

8 

0.90 

8.0 

0.98 

25.0 


In table 4 are presented the results of analysis of serum and spinal fluid for 
sodium, potassium and total halide following the intracistemal injection of 
sodium bromide. It was not possible, because of limited samples of spinal fluid, 
to analyze these samples for bromide also. However, since these experiments 
were conducted in the same manner as those of table 1, and since the latter were 
so consistent in showing a lowering of the barrier to the passage of bromide ion, 
it is assumed that' the same lowering occurred in these experiments. The terms 
“before” and “after” in the table indicate “before” and “after” intracistemal 

injection of NaBr. u • j 

These data, we feel, indicate that the intracistemal injection of sodium bromide 
produces effects in the spinal fluid upon distribution ratios other than bromide. 
It is to be noted that although the distribution ratio of bromide decreases under 
the conditions of the above experiments the haUde ratio (Br + Cl) increases, 
suggesting an over-compensation by chloride to the increased amount of bromide 
in the spinal fluid. The potassium changes are interesting. The distribution 
ratio of potassium consistently decreased in all experiments although in dog 11 
liie decrease was more at the expaise of a decrease in serum potassium than an 
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elevation of spinal fluid potassium. As far as we were able to ascertain qualita- 
tively this change was not due to alterations in protein content of the spinal 
fluid. Most variable were the changes in the distribution of sodium ion. This 
ratio increased in three dogs, remained unchanged in one dog and decreased in 
one dog, but in no case did the value vary significantly from unity. 

Discussion. The action of hypertonic solutions of sodium bromide injected 
intracisternally in amounts that have little or no demonstrable effect upon the 
serum bromide level is identical in effect to large amounts of sodium bromide 

TABLE 4 


Distribution ratio of sodium ^ potassium and total halide before and after intracisternal 
administration of sodium bromide 


DOG 

SAMPLE 

Na 

K 

HALIDE 

Na* 

K. 

HALIDE* 

^^SP. FL. 

^SP. FL. 

HALIDEgp PL 



ml 

1 IKgm. of wc 

vter 




9 

Serun*! before 

155.5 

3.65 


0.99 

1.32 



Sp. fl. before 

157.2 

2.76 






Serum after 

157.0 

3.61 


1.03 

1.0 



Sp. fl. after 

152.0 

3.60 





10 

Serum before 

151.8 

3.41 

114.6 

1.00 

1.32 

0.91 


Sp. fl. before 

160.7 

2.57 

126.5 





Serum after 

156.5 

3.90 

116.8 

1.04 

1.20 

0.96 


Sp. fl. after 

150.2 

3.24 

121.2 




11 

Serum before 

161,5 

3.89 

118.4 

1.04 

1.47 

0.93 


Sp. fl. before 

155.0 

2.65 

127.5 





Serum after 

152.0 

3.45 

117.0 

1.02 

1.32 

0.96 


Sp. fl. after 

149.0 

2.61 

121.0 




12 

Serum before 

157.5 

4.99 

117.2 

1.04 

2.15 

0.92 


fl. before 

152.0 

2.32 

127.1 





Serum after 

156.7 

4.57 

118.0 

1.04 

1.29 

0.95 


Sp. fl. after 

150.5 

3.54 

123.5 




13 

Serum before 

154.0 

2.97 

118.8 

1.01 

1.28 

0.93 


Sp. fl. before 

152.3 

2.32 

127.5 





Serum after 

158.0 

2.79 

124.2 

1.03 

0.95 

0.98 


Sp. fl. after 

152.7 

2.94 

126.0 





injected intravenously in that both procedures result in a lowering of the bromide 
barrier between the serum and cerebrospinal fluid. The mechanism of action 
in the two cases need not be the same. In any event we are not able to state 
how these solutions produce their effect. 

In the case of intracisternal injections the effect could be due to the Na***, 
the Br~, the effect of the osmolar concentration of the solution, or any combina- 
tion of these. That bromide ion is not essential is shown by the fact that the 
same lowering of the barrier to bromide ion can be caused by intracisternal in- 
jections of hypertonic NaCl (0.4 gram NaQ in 3 cc. H 2 O). Neither is the effect 
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due simply to intracistemal injection, for introduction of distilled water (5 cc.) 
produces no alteration in the distribution ratio of bromide ion. Certain observa- 
tions suggest that the action of hypertonic NaBr need not be considered as taking 
place directly upon the membranes across which the cerebrospinal fluid is formed 
but may be due to a more remote action. In some animals muscular twitchings 
about the face and neck were noted during or immediately after the intracistemal 
injection. Sometimes an immediate cessation of respiration occurred and arti- 
ficial respiration for a few moments was necessary after which normal respiration 
resumed. A blood pressure record taken on one animal revealed an immediate 
and marked rise in blood pressure and evidence of vagal stimulation which 
however may have been a secondary effect. The blood pressure and respiratory 
effects were on the whole strikingly similar to those seen in animals following 
experimental increases in intracranial pressure. However, the abmptness of 
the onset of these effects as well as the magnitude of the effects, precludes the 
assumption that the hypertonic solution caused an ingress of fluid to the brain 
and a consequent elevation of intracranial pressure. All of these effects were 
over within 10 to 15 minutes. 

Until more is known about the mechanisms by which the spinal fluid is formed 
it is perhaps futile to speculate at length about factors which appear to disturb 
the normal mechanism. Nevertheless a working hypothesis is useful. If we 
follow Weed (6) in his belief that the spinal fluid has dual source, one contribution 
coming from the choroid plexus and another contribution from the capillaries 
of the brain via the pericapillary spaces we can visualize a simple explanation of 
the data obtained. 

The data indicate that insofar as total halide, bromide and potassium are 
concerned the spinal fluid after intracistemal injection more closely resembles 
an ultrafiltrate of semm than before the injection. The sodium ratio is con- 
sistent with an ultrafiltrate before and after injection. To explain these findings 
we need only assume that the intracistemal injections either depress (by direct 
action and/or reflexly) the choroid plexus or similarly increase the amount of 
filtrate normally contributed by the capillaries of the brain. 

CONCLUSION 

Evidence is presented that intracistemal injections of sodium bromide in 
amounts too small significantly to alter the semm bromide level lowur the barrier 
to the passage of bromide ion into the spinal fluid. The distribution ratio 

of potassium and chloride ion is affected also by this procedure. Analysis 

of the spinal fluid after intracistemal injection reveals that the fluid more closely 
resembles an ultrafiltrate of semm than before the injection. 
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According to Henderson and his co-workers (1-4) and Gunther and collabora- 
rors (5-7), the intramuscular pressure of the body muscles is an important factor 
in shock since it is considered by them to be vitally concerned in maintaining the 
peripheral circulation, venous pressure, volume of venous flow and cardiac filling. 
Thus, in Henderson’s terminology, intramuscular pressure is ‘^muscle tonus” and 
shock is ‘^hyptonia.” Despite the recent studies of Gunther et al which support 
and extend Henderson’s thesis, little interest has been evinced in this aspect of 
the problem by students of shock. 

The object of the present experiments was to study intramuscular pressure 
changes in dogs shocked by a variety of procedures. Similar studies have been 
made on patients undergoing major operations, prolonged anesthesia and recov- 
ery from infections (1—7). However, so far jis the writers are aware, reports have 
not been made on animals shocked under rigidly controlled conditions in which 
the shock terminated fatally. 

Dogs which had been maintained under laboratory conditions for periods 
ranging from 7 to 14 days were employed as experimental animals. Mean arte- 
rial pressure was determined by needle puncture of the femoral artery (8) while 
the dogs were under pentobarbital sodium anesthesia. For measurement of 
intramuscular pressure in mm H 2 O, the instrument devised by Henderson (3) 
and modified by Kerr and Scott (9) was used. Gunther and Henstcll (10) have 
further modified the apparatus so that it is possible to make simultaneous meas- 
urements of both intramuscular and venous pressures. The validity of the 
method utilized by Henderson has been experimentally checked by Hellebrandt, 
Criger and Kelso (11). 

The medi-triceps muscle of both the fore limbs was used, with the dog lying 
upon its side, the limb extended and supported at right angles to the body. The 
IMP (intramuscular pressure) recorded in the tables represents an average of not 
less than six separate readings for each fore leg. A control study of 15 normal 
animals under pentobarbital sodium anesthesia, and involving several hundred 
determinations, gave readings of surprising uniformity (fig. 1) . 

1. The intramuscular pressure of control dogs onesthetized with pentobarbital so- 
dium, An attempt was made to study IMP in non-anesthetized animals trained 
to lie quietly upon the table. Although a few of the dogs responded to training, 
the task proved so time-consuming we resorted to the use of anesthesia. The 

1 We are indebted to the Ciba Pharmaceutical Products Company of Summit, New 
Jersey, for providing funds to defray a part of the expenses of this investigation. 

* Guest investigator on leave from the Ciba Pharmaceutical Products Company. 
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mechanism by which intramuscular pressure is altered is said to be quite sensitive 
to certain types of narcosis. Gunther (5) reported that ether and spinal anesthe- 
sia in man decrease IMP, and Cortell and Gellhom (12) using cats, observed that 
chloralose prevented the rise in IMP which follows moderate bleeding. However, 
it has been our experience that pentobarbital sodium given intravenously in doses 
of 30 mgm. per kilogram of body weight, is satisfactory for studies of IMP. This 
proved to be the case even when the anesthesia was prolonged for 12 hour periods 
by repeated injections of the drug. 

The effect of anesthesia was studied on 15 dogs, of which 11 were subjected to 
anesthesia of short duration, i.e., 2 to 5 hours, and 4 to anesthesia lasting 12 hours. 
The data presented in figure 1 failed to reveal any appreciable difference in IMP 
between the dogs anesthetized for either brief or long intervals. It is probable 
that owing to the anesthesia, both initial and final readings of IMP fall below the 
lower range of normal. This is partially offset, however, by the uniformity of 
the conditions under which the readings were obtained. Hellebrandt, Crigler and 
Kelso (11) report that in human subjects, the IMP in the relaxed muscle is rela- 



Fig. 1. The effect of (1) pentobarbital sodium anesthesia (2-12 hrs.); (2) morphine plus 
pentobarbital sodium anesthesia, and (3) adrenalin, upon intramuscular and blood pressure. 


tively constant. In any case, since it was imperative to employ deep anesthesia 
in the dogs subjected to shock inducing procedures, there seemed to be no simple 
way of avoiding sources of error due to this cause. 

2. The effect of adrenalin and morphine upon the intramuscular pressure of 
anesthetized dogs. The unifonnity of the IMP readings of the anesthetized dogs 
led us to test their validity by employing drugs which have been reported to 
elevate or lower IMP in an unmistakable manner. Adrenalin and morphine were 
used. Beiglbock and Steinlechner (13) showed that adrenalin increases IMP. 
This has been confirmed by Kiely, Hamilton and Gellhom (14), and the present 
experiments afford further supporting evidence. An intravenous injection of 
5 7 /kgm. of adrenalin in the medium size, anesthetized dog, markedly raised 
both blood pressure and IMP. However, the IMP remained high, long after the 
' blood pressure returned to normal levels. On the other hand, morphine (30 
mgin.) given subcutaneously, and followed 30 minutes later by intravenous ad- 
ministration of 20 mgm./kgm. of pentobarbital sodium, decreased both IMP and 
mean arterial pressure, the effect persisting for several hours (fig. 1). The fact 
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that it was possible to raise or lower the IMP from the average control readings at 
will by drug action, and that the control readings were always attained after the 
effects of the drugs had worn off, convinced us that the control IMP readings were 
reasonably accurate. 

3. Intramuscular 'pressure changes in shock induced by release of limb tourniquets. 
The application of tight tourniquets placed high on both hind legs of anesthetized 
dogs, and released after 5 hours, almost invariably results in fatal shock. Thus, 
of 25 untreated control dogs, all but one died in shock following release of the con- 
strictions (15). This type of shock is characterized by marked loss of plasma 
through the capillaries of the injured legs, resulting in a 49 per cent reduction in 
plasma volume, extreme hemoconcentration and drastic decline in arterial pres- 
sure. During the 5 hour period previous to removal of the constrictions, the 
animals exhibit little change from normal with re8i)ect to blood concentration, 
plasma loss or arterial pressure. Since release of leg tourniquets led to a 96 per 

TABLE 1 


Intramuscular pressure changes in shock induced by release of limb tourniquets 




ilip 

lOf.HsO 

B.P. 
Mil. Hg 

TOURNIQUETS 

TOURNIQUETS 

3-S HOURS 1 

6-10 HOURS 

IMP 

DECREASE 

DOG 

NO. 

WEIGHT 

KGlit. 

4 HOURS 

1 RELEASED 





FROM 

INITIAL 

INITIAL 

IMP 

B.P. 

IMP 

B.P. 

IMP 

B.P. 

IMP 

B.P. 

PER CENT 

1 

7.2 

54 

112 

40 

108 

35 

104 

29 

72 

24 

60 

56 

2 

6.8 

64 

105 

59 


57 

102 

33 

56 

22 

47 

66 

3 

15.0 

58 

102 

53 


52 

119 

49 

108 

37 

81 

36 

4 

7.6 

61 

129 

59 

120 

53 

116 

37 

88 

30 

70 

51 

5 

17.0 

61 

121 

54 

127 

54 

no 

31 

61 



49 

6 

8.0 

56 

119 

43 


50 

120 

24 

81 

24 

74 

57 

Ave. 

10.3 

59 

115 

51 

118 

50 

112 

34 

78 

27 

66 

52 


cent mortality, this procedure was considered an excellent one for studying IMP 
changes in shock due primarily to plasma loss into the area of injury. 

The essential data are given in table 1 and show that IMP decreases with the 
development of shock symptoms. Several hours before death, the IMP had 
declined to an average of 52 per cent of the initial readings. This was the most 
striking fall in IMP we encountered in any type of shock studied. In two dogs 
(nos. 1 and 6) a fall in IMP occurred during the period shortly before release of 
the limb constrictions. Only one dog of the six used was studied to the end, i.e., 
no. 2^ the remaining five survived for several hours after the last readings were 
obtained and died some time during the night. 

4. Intramuscular pressure changes in shock induced by application of a limb 
press. Duncan and Blalock (16) devised a compression apparatus which when 
applied at 500 pounds^ pressure to one hind limb of the anesthetized dog, and left 
in place for 5 hours, induced fatal shock withm a short time after release.^ Shock 
resulting from this procedure is accompanied by marked plasma loss into the 
injured leg, severe hemoconcentration and low arterial pressure. In our experi- 
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fatal shock was induced in 25 of 26 untreated control dogs following re- 
lease of the compression. The plasma volume declined 48 per cent and autopsy 
indicated that most, if not all of the plasma volume reduction, could be ac- 
counted for by plasma loss into the injured extremity (17). 

In the experiments mentioned, the leg press was adjusted to 750 pounds^ pres- 
sure and left on the limb for 7 hours. The dogs were given 30 mgm. of morphine 
subcutaneously followed within 30 minutes by an intravenous injection of 20 
mgm. of pentobarbital sodium per kilogram of body weight. However, for obvi- 
ous reasons, the morphine was omitted in the experiments involving IMP, and 30 
instead of 20 mgm. per kilogram of pentobarbital sodium were given intrave- 
nously. In these experiments the shocked dogs survived longer than usual 
owing to the fact that morphine was not given. As a result terminal IMP read- 
ings were not obtained except in one case (no. 2, table 2). Most of the dogs died 

TABLE 2 


Intramuscular pressure changes in shock induced hy application of a leg press 


DOO NO. 

WEIGHT 

KOU. 

IBIP 

MM. HsO 
INITIAL 

B.P. 

MM. Hg 
INITIAL 

PRESS RELEASED 

3-5 HOURS 

6-10 HOURS 

IMP 

DECREASE 
PROM 
INITIAL 
PER CENT 

IMP 

B.P. 

IMP 

B.P. 

IMP 

B.P. 

1 

12.9 

70 

118 

56 

140 

46 I 

89 

37 

54 

47 

2 

7.1 

62 

109 

55 

113 

00 

CO 

49 



39 

3 

12.7 

66 

115 

59 

142 

48 

65 

41 

60 

38 

4 

9.3 

71 

101 

63 

122 

49 

80 

47 

66 

34t 

5 

9.6 

67 

131 

63 

140 

47 

82 

48 

74 

28 

6 

12.0 

69 

120 

62 

152 

54 

98 

41 

62 

41 

7 

12.5 

71 

129 

63 

135 

63 

105 

i 40 

48 

44 

8 

14.5 

67 

131 

62 

130 

44 

72 

33 

68 

51 

Ave. 

11.3 

68 

119 

60 

134 

49 

80 


62 

40 


* Dog died one hour after last reading. Terminal readings not obtained bn remaining 
7 animals. 

t Animal recovered. See text. 


during the night at a time when no one was available to take the readings. De- 
spite the lack of terminal data, the IMP declined as shock developed and de- 
creases in IMP ranging 28 to 51 per cent of the normal occurred. The average 
decline for the 8 dogs studied was 40 per cent. There was a slight decrease in 
IMP during the 7 hour interval the press was on the leg. One animal (no. 4, 
table 2) recovered from shock. Although not recorded in the table, the IMP of 
this animal slowly rose as the arterial pressure returned to the control level and 
shock symptoms disappeared. 

6. Intramuscular pressure changes in shock induced hy muscle trauma. Fatal 
shock is easily produced in deeply anesthetized dogs by several muscle trauma 
techniques. Probably the simplest and most efficient method is that reported by 
Gregersen in which 400 to 800 blows are distributed over all surfaces of each thigh, 
with a 200 gram rawhide mallet. The writers have employed this method in 
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studies concerned with the nervous factor in shock, and the efficacy of infusions 
of plasma, and the plasma substitutes gelatin and saline as prophylaxis aga,in8t 
circulatory failure following injury (18). Muscle trauma of the type described 
led to fatal shock in 33 or 89 per cent of 37 anesthetized dogs. The shock is 
characterized by lack of hemoconcentration, loss of whole blood into the injured 
area, drastic fall in blood pressure and a decline in plasma volume of approxi- 
mately 30 to 35 per cent. An important nervous factor appears to be present 
which contributes to the initiation of shock. 

The pertinent data relating to changes in intramuscular pressure in shock in- 
duced by muscle trauma are shown in table 3. The IMP did not change imme- 
diately following trauma, despite lojvering of blood pressure. During succeeding 
hours (6-10 after trauma) the decline was marked. The average change in IMP 
during shock from the initial readings was 49 per cent with a range of 39 to 63 
per cent. 

TABLE 3 


Changes in intramuscular pressure induced hy leg m uscle trauma 





IMP 

B.P. 

END OF TRAUMA 

3-5 HOURS 

6-10 HOURS 

IMP 

DECREASE 

DOG NO. 

WEIGHT 

KGM. 

MM. H 2 O 
INITIAL 

MM. Hg 
INITIAL 

IMP 

B.P. 

IMP 

B.P. 

IMP 

B.P. 

INITIAL 
PER CENT 

1 

8.6 

69 

138 

62 

67 

49 

84 

25 

70 

63 

2 

9.3 

66 

111 

61 

65 

64 

95 

40 

42 

39 

3 

8.2 

72 

124 

70 

69 

44 

51 

29 

38 

60 

4 

11.7 

72 

107 

65 

67 

50 

43 

37 

35 

49 

5 

11.9 

66 

123 

67 

51 

50 

56 

39 

30 

41 

6 

12.0 

66 

103 

60 

58 

1 

41 

i 

34 

40 

Ave. 

10.3 

68 

118 

64 

63 

! 51 

62 

{ 35 

42 

49 


6 Changes in intramuscular pressure induced by wound shock. The procedure 
used for producing fatal wound shock was by gun shot injury to muscle ma^es 
of both hind legs of deeply anesthetized dogs. The procedure has been described 
in detail elsewhere (19) and need not be repeated here. Suffice it to state that 
39 or 90.7 per cent of 43 anesthetized dogs not receiving treatment ot any kind 
died in shock. The shock .so induced is accompanied by a lack of hemoconcentra- 
tion, sharp and sudden fall in arterial pressure, and lo.ss of whole blood due to 
external and internal hemorrhage at the site of injury. The plasma volume 
declined approximately 44 per cent. Changes in IMP were followed from the 
time of injury to death, and are presented in table 4. The IMl declmed ^ 
shock symptoms appeared, and shortly before death occurred the average fall in 
intramuscular pressure was 31 per cent. This figure represents the least change 
encountered in shock resulting from the four procedures used. It seems not un- 
probable that the severe hemorrhage which follows this type of injury in ™ost o 
the dogs may have masked the effect of muscle injury upon the IMP. It wffi ^ 
shown in the section which follows that severe hemorrhage, uncomplicated by 
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trauma, and not accompanied by shock, induced a sharp and rather prolonged 
rise in IMP. Thus in shock due to a combination of hemorrhage plus muscle 
injury, the intramuscular pressure readings would probably reflect the balance 
struck between the factor of hemorrhage which raises the iMP, and the factor of 
muscle trauma which decreases it. 

The IMP is independent of sudden and drastic changes in blood pressure; this 
is shown in table 4. The arterial pressure fell immediately following injury and 
reached low levels with only a moderate recovery. However, IMP remained 
within the normal range and apparently did not reflect the fall in blood pressure. 
It is only after the lapse of several hours that a significant lowering of IMP oc- 
curred. Kiely et aL (14) have called attention to the independence of arterial 
pressure and IMP changes. 

7. Effect of hemorrhage and reinfusion of whole blood upon intramuscular pressure. 
Some students of IMP changes in patients have stated that the intramuscular 
pressure of the muscles declines sharply following severe hemorrhage. We have 
not found this to be the case in nonshocked dogs subjected to blood loss represent- 

TABLE 4 


Intramuscular pressure changes in experimental wound shock 


DOO KO. 

WEIGHT 

KGM. 

IMP 

MM. HsO 
INITIAL 

B.P. 

MM. Hg 
INITIAL 

AFTER INJURY 

3-5 HOURS 

6-10 HOURS 

IMP 

DECREASE 
PROM 
INITIAL 
PER CENT 

IMP 

B.P. 

IMP 

B.P. 

IMP 

B.P. 

1 

7.9 

62 

106 

59 

77 

45 

67 

42 

49 

32 

2 

10.4 

66 

127 

61 

39 

66 

73 

64 

60 

18 

3 

9.3 

66 

130 

62 

65 

57 

49 

50 

44 

23 

4 

10.3 

71 

119 

68 

44 

64 

48 



24 

5 

7.1 

60 

127 

58 1 

48 

41 

70 

39 

43 

36 

6 

6.8 

64 

117 

52 1 

60 

31 

36 



62 

Ave. 

1 

8,6 

65 

121 

60 

64 

47 

66 

46 

47 

31 


ing 33 cc. per kilogram of body weight. On the contrary, the IMP increases in 
an unmistakable manner and attains levels beyond anything encountered in con- 
trol animals. Our findings confirm those of Kiely, Hamilton and Gellhom (14) 
and Gellhom (20) who reported that hemorrhage in unanesthetized, decerebrate 
dogs leads to a sharp rise in IMP which returns to normal on reinfusion of whole 
blood. 

In the six experiments reported here (table 5), the dogs were anesthetized, the 
femoral artery of the right leg cannulated and the blood allowed to flow freely 
until 33 cc. per kilogram had been removed. The blood pressure fell rapidly 
(table 6) to an average of 62 mm. Hg but spontaneously recovered to an average 
of 94 mm. Hg within a period ranging from 1 to 3 hours afterbleeding. None of 
the animals exhibited signs of shock and recovery was complete when they were 
permitted to drink water ad libitum after anesthesia was discontinued. 

The effects of hemorrhage upon IMP were unequivocal, for even before the 
bleeding was completed the intramuscular pressure rose rapidly and remained 
elevated for severd hours. Return to normal tended to parallel the spontaneous 
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rise in blood pressure. The fact that IMP rose as the arterial pressure fell, imme- 
diately after hemorrhage, and declined as the blood pressure returned to normal 
might lead to the assumption that IMP and blood pressure were inversely related. 
However, the experiments of Kiely, Hamilton and Gellhom (14) are contrary to 
such an assumption, for hemorrhage may lead to identical increases in IMP even 
when the fall in blood pressure is prevented by administration of pressor drugs 
which do not of themselves change the IMP . 

The effect of reinfusing the blood removed is striking. The blood was drawn 
into a flask containing 0.5 cc. heparin, and maintained at 37 C. The infusion 



TABLE 6 

Effect of hemorrhage and reinfusion of blood upon intramuscular -pressure 


DOG NO. 

WEIGHT 

kgm. 

BEFORE BLEEDING 1 

END OF BLEEDING 

INFUSION 





20 minutes 1 

50 minutes j 

2-3 hours 



IMP 

B.P. 

IMP 

B.P. 

IMP 

B.P. 

IMP ! 

B.P. 

IMP 

B.P. 

1 

7.6 

64 

115 

91 

47 

76 

92 

77 

101 

70 

107 

2 

7.7 

68 

104 

97 

48 

92 

91 

72 

100 

63 

no 

3 

14.8 

63 

139 

100 

44 

89 

98 

78 

120 

61 

128 

4 

13.6 

65 

101 

93 

49 i 

79 

99 

63 

105 

64 

116 

Ave. 

10.9 

65 

115 

95 

47 

84 

95 

73 

107 

65 

115 


was given by way of the jugular vein at a rate not exceeding 15 cc. per minute. 
The IMP which was in excess of 90 mm. H 2 O inunediately after bleeding, fell to 
normal levels within 50 minutes after infusion and did not rise again thereafter 

(table 6). . j j a .• 

If the elevation of IMP accompanying hemorrhage is regarded as reflectmg an 

increase in tone of striated muscles, then it might be assumed that the somatic 
nervous system is somehow involved in the chain of reactions leadmg to vascular 
adjustment to severe hemorrhage. It has been demonstrated by others (14) that 
bilateral denervation of the carotid sinus area and bilateral vagotomy does not 
prevent the rise in IMP during bleeding. 
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SUMMARY 

1. Henderson method was utilized for studying changes in IMP under the 
following experimental conditions: a, pentobarbital sodium anesthesia of long and 
short duration; 6, before and after intravenous injection of adrenalin; c, following 
morphine plus pentobarbital sodium anesthesia; d, fatal shock induced by four 
different procedures; and c, sublethal hemorrhage without shock. 

2. Pentobarbital sodium anesthesia of 12 hours' duration did not induce any 
greater change in IMP than anesthesia lasting 2 to 3 hours. 

3. Adrenalin, administered by vein, raised both the blood pressure and IMP, 
but the latter remained elevated long after the blood pressure had returned to 
normal. 

4. Morphine, followed by intravenously administered pentobarbital sodium, 
lowered both the arterial pressure and IMP for several hours. 

5. Shock induced in deeply anesthetized dogs by a, release of limb tourniquets; 
by application of a limb press; c, trauma to muscle masses of the hind legs; and d, 
gun shot injqry was accompanied in all cases by marked fall in the IMP. 

6. Sublethal hemorrhage, without shock representing 33 cc. per kilogram 
of body weight, caused a sharp rise in IMP which was maintained for several 
hours after spontaneous return of the blood pressure to normal. 

7. Reinfusion of heparinized whole blood in the hemorrhaged dogs resulted in 
decline of the IMP to control levels. 
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Among the major obstacles in the study of shock have been the difficulty in 
reproducing the manoeuvres causing tissue injury, and the variability in the sub- 
sequently developing shock and the survival therefrom. Among the methods 
used for producing shock, that of occlusion of the circulation in certain parts of 
the body dates back to the experiments of Janeway and Jackson (1) since when 
several investigators have with variations followed the same technique in differ- 
ent animals. The present investigation deals with the production of shock re- 
sulting from tourniquet occlusion of the arterial and venous circulation of the 
hind limbs in the rabbit for varying intervals of time. Under the conditions, the 
survival time of the animals has proved to be remarkably predictable. In the 
studies of tourniquet shock on animals other than the rabbit, the survival times 
have when observed usually been very variable, though in 25 experiments by 
Swingle et al. (2) on the dog, a survival time of 8 db 0.7 hrs. was obtained after a 
five hour occlusion; while in 28 experiments on dogs by Mylon, Winternitz and 
de Suto-Nagy (3), 73 per cent of the animals died within 6 hrs., although the sur- 
vival time varied from 1 to 48 hrs. 

Of those who have thus far studied tourniquet shock in the rabbit, Allen (4) 
applied tourniquets to a single hind limb in two animals, both of which survived. 
Metzler (5) bound both hind legs of 4 rabbits in an Esmarch bandage for 2, 4, 6 
and 10 hrs. respectively. Edema of the legs developed in 3 of the animals, but 
only the one that had been bound for 10 hrs. died. Paolucci (6) occluded both 
hind limbs for intervals varying from 1 to 5 hrs., but while a fall of blood pressure 
subsequently occurred, none of the animals died. 

Methods. Rabbits weighing from 2 to 3J kilos were used. Light anesthesia 
was induced by intravenous nembutal (usually 15 mgm. per kilo), and was main- 
tained by a concomitant administration of 1.5 to 2.0 grams per kilo of urethane 
subcutaneously. 

In most of the experiments, the tourniquet consisted of a length of window-sash- 
cord, threaded through three or four small stab openings in the stretched skin to 
hold it in place, and then tightened about the upper portion of the thigh by means 
of a windlass. Later, thin walled | inch diameter rubber tubing was wound nine 
or ten times around the thigh, the coils constituting a constricting band of about 
1 cm. in width, without breaking the skin. No difference in results was observed 
in the two methods. After varying occlusion periods the tourniquets were re- 
moved and the survival time noted, with intermittent observations of blood pres- 
sure, hematocrit and arterial and mixed venous blood O 2 content. The 

1 Aided by a grant from the Charlton Research Fund. 

* A preliminary report of these experiments was published in the Proceedings of the 
Federation of American Societies for Experimental Biology, March, 1944. 
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tourniquets were applied to both legs except when it was desired to estimate fluid 

loss. . . 

Results. In eleven control experiments in which the animals were mam- 
tained imder anesthesia, the survival time averaged more than 24 hrs., in some 
cases the animals being killed during the second day. In 14 experiments the 
tourniquets were applied for 2 hrs., the survival time after release of the occlusion 
being 3.8 ± 0.6 hrs. (table 1). The shortest survival was IJ hrs., the longest 8i 
hrs., while in 11 of the 14 experiments the range was between 2i and 6 hrs. In- 
creasing the period of occlusion from 2 hrs. to 5 hrs. brought about a concomitant 

TABLE 1 


Survival times of rabbits after tourniquet occlusion of both hind legs 


TYPE OP EXPERIMENT 

NO. OP EXPT8. 

SUEVIVAL 


11 

hrs. 

More than 24 

(b) Tourniquets applied for 2 hrs. room 

14 

3.8 ±0.6* 

(c) Tourniquets applied for 5 hrs. room 

19 

1.7 ±0.4* 


5 

0.2 ±0.08* 


8 

24 

1.8 ±0.08* 

12.8 ±1.1 




Effect of temperature 

(f) Tourniquets applied for 5 hrs. legs in air 
Kq+Vi of Hiirincf occlusion 

15 

1.2 ±0.2* 

(g) Tourniquets applied for 5 hrs. legs packed 

14 

4.3 ±0.7* 



18, 24.5, >24, >24, and >48, 
respectively* 

Effect of dehydration 

Water ad lib 7 days . Fasted (5 hr. occlusion) . 
No water for 7 days. Fasted (5 hr. occlusion) . 

6 

7 

1.9 ±0.3* 

2.5 ±0.1* 


* Survival after release of tourniquet. 
zt indicates standard mean deviation. 


decrease in the survival time after release of the tourniquets, which averaged 1.7 
± 0.4 hrs. in 19 experiments (table 1). The shortest survival time was 32 min- 
utes, the longest 270 minutes. In 17 of the 19 experiments, the maximum range 
was between approximately 1 hr. and 2| hrs. 

We performed another series of experiments in which the tourniquets were not 
removed. The average survival time of this group of 24 animals was 12.8 it 1.1 
hrs. We attribute the reduction in this survival time from that of the controls to 
absorption of toxic products from the region of the ^umiquets, where crushing 
trauma had certainly occurred. In other words, it is really this group which is 
the best control for the occlusion experiments already described. In certain 
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animals the tourniquets were released after 18 to 22 hrs. In table 1 we have 
divided these into two groups, 5 in which the survival time after tourniquet 
release was 0.2 dz 0.08 hrs.; and 8 in which the survival time was 1.8 ± 0.08 hrs. 
The only difference between these two groups was that the former were performed 
in hot weather during the summer; they were our earliest experiments, and the 
later group, like all of our other experiments, were carried out in moderate room 
temperature (20-25°C.). 

Of the occlusion and release experiments we regard the 5 hr. occlusion as the 
most predictable, and hence the most useful as a basis for evaluating therapy. 

Effect of temperature. Allen (2) called attention to the fact that lowering the 
temperature of a ligated limb lessened the incidence of shock. The same result 
was obtained by Brooks and Duncan (7) in dogs. Our experiments confirm this 
for the rabbit. Thus (table 1) when the toumiqueted legs of rabbits were en- 
closed in a chamber at 37°C. for 5 hrs., the survival time averaged 1.2 hrs., while 
when packed in crushed ice the survival time in 14 experiments averaged 4.3 db 
0.7 hrs., and in 5 additional experiments, which did not lend themselves to statis- 
tical analysis, the survival was from 18 to more than 48 hrs. When the toumi- 
queted limbs were chilled, ice tended to come in contact with lugions directly 
above the tourniquet, and the body temperature as a whole fell, the average 
axillary temperature at the end of 5 hrs. being 31.4°C. compared with 36.4°C. in 
the animals whose limbs had been kept at 37*^0. It is possible therefore to 
ascribe the longer survival to the lowered general body temperature. On the 
other hand, in these ^^cold” experiments the average axillary temperature after 
5 hrs. of the 5 longest survivals was 31.7®C., while that of the 5 shortest survivals 
(150 min.) was 31.8°C. This tends to favor the idea that the increased suiwival 
time was probably a function of the cooling of the toumiqueted limb itself. 

Blood O 2 content and blood pressure. The oxygen content of the mixed venous 
blood (right auricle) was determined in a number of control and ^'ligated” 
animals. The results were not unequivocal and in view of the small number of 
cases statistical analysis was unsafe. It can be said that there was a tendency for 
the oxygen content in most animals to fall as anesthesia was continued and that 
on the whole the fall was faster in the “ligated'' animals. 

The mean blood pressure showed three chief points of interest: 1. While the 
pressure tended to fall from the initial level in all animals, the fall was faster in the 
“ligated" ones, even before the tourniquet was removed, at which time the average 
mean pressure was about 80 mm. Hg. 2. While in the control animals survival 
for longer than 24 hrs. could occur even with a blood pressure as low as 50 mm. 
Hg, after a fall to 40 mm. Hg survival for more than 4 hrs. occurred in only one 
instance. 3. In the “ligated" animals death was apt to occur with a precipitous 
(in 15 min. or less) fall of blood pressure to zero from a level that was in 2 cases 
above 60, but which averaged 40 mm. Hg. It seems that 40 to 50 mm. Hg rep- 
resents a critical pressure level for the rabbit in tourniquet shock. 

Fluid loss and hematocrit. We performed ten experiments in which the tour- 
niquet was applied to only one leg for two hours, then both legs were removed by 
careful dissection of the leg muscles away from the external surface of the ilium, 
the pubic arch and sacrum, followed by disarticulation of the hip joint. Thus the 
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masses of tissue removed on each side were roughly equivalent. TTie average 
gain in weight of the toumiqueted limb was 1.07 ± 0.12 per cent of the body 
weight. Thus, when both legs were occluded, one could assume that there would 
have been a loss of fluid of about 2 per cent of the body weight, which might be 
the equivalent of at least 30 per cent of the whole blood or 60 per cent of 
the plasma. Undoubtedly this fluid loss, if taken from the blood, ceuld in itself 
be ample cause of death. 

However, the striking thing about the hematocrit observations was their con- 
stancy, the change in the control animals during the period of observation being 
2.9 ± 0.8; in the ligated animals 0.1 ± 1.2. Several observations were usually 
made (luring the course of each experiment, and the changes were nearly always 
negligible and apparently random. From this it appears that any fluid drawn 
from the blood into the occluded limbs was prompt^ made up from the tissues, 
the only net effect being a slight dehydration of the latter. We conclude there- 
fore that the fluid loss was not the cause of shock in these experiments. 

Effect of dehydratim and fasting. Partly because of the evidence mentioned 
above of some tissue dehydration in the “ligated” animals we tested the effect of 
marked dehydration on the production of tourniquet shock. Seven animals who 
drank no water for 5 to 7 days and who refused food during the same period were 
subjected to 5 hrs.’ tourniquet occlusion. Their survival time was 2.6 db 0.1 hrs., 
as compared with a survival time of 1.7 hrs. in the normally fed and hydrated 
animal. In view of the voluntary fasting by the dehydrated animals, six other 
rabbits were fasted for 5 to 7 days with water ad lib. The survival tune in this 
group was 1.9 ± 0.3 hrs. It appears therefore that neither dehydration nor 
fasting, resulting in an average loss of weight of over 20 per cent, influenced 
significantly the survival in tourniquet shock. 

SUMMARY 

1 . Shock was produced in the rabbit by occlusion of the circulation in the hind 
legs. 

2. After 2 hrs. ’ occlusion at room temperature, the survival time after tourniquet 
release was 3.8 ± 0.6 hrs.; after 5 hrs.’ occlusion it was 1.7 ± 0.4 hr. Thus a 
technique with predictable results is offered for the study of shock. 

3. Tourniquet shock in the rabbit is not due to loss of fluid in the ligated legs. 

4. Chilling the toumiqueted legs more than tripled the average survival time in 
most experiments; in the remainder death was delayed as much as 24 hrs. 

5. Dehydration and previous fasting did not affect the survival time. 
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Roderick (1S29) reported that the feeding of spoiled sweet clover hay to cattle 
resulted in a hemorrhagic tendency that was due to a decrease in the plasma pro- 
thrombin. In a later paper (Roderick, 1931) he noted that there was also a 
decrease in the plasma fibrinogen. The identification of the hemorrhagic factor 
in spoiled sweet clover hay as 3,3'-methylenebi8 (4-hydroxycoumarin) (“di- 
cumarol”) by Stahman, Huebner and Link (1941) has been followed by the 
repeated confirmation of the effect on plasma prothrombin. No confirmation of 
the effect on plasma fibrinogen, however, has been reported although Allen, 
Barker and Waugh (1942) have reported an increase in the sedimentation rate of 
the erythrocytes following the administration of dicumarol. This would suggest 
an increase in plasma fibrinogen, since the concentration of fibrinogen appears to 
be the most important single factor governing the sedimentation rate. 

Dicumarol is now^ used clinically to produce a state of hypoprothrombinemia. 
However, the nature of its action is still quite unknown. The fact that dicumarol 
lowers the blood prothrombin by interfering with its production in the body, and 
the fact that the liver is necessary for prothrombin synthesis (Brinkhous, 1940) 
has aroused suspicion that dicumarol might act as a specific liver toxin. No 
evidence of such action has been observed with moderate therapeutic doses (Bing- 
ham, Meyer and Pohle, 1941; Wright and Prandoni, 1942). Such failure to 
observe an effect on liver might easily be due to the insensitivity of the tests, since 
it is w^ell known that considerable damage can occur without any detectable his- 
tological changes. Ham and Curtis (1938) have emphasized the sensitivity of the 
plasma fibrinogen level as an index to liver function. The present study, there- 
fore, was undertaken to determine if dicumarol had any effect on the plasma 
fibrinogen level. 

Methods. Dogs wnre used, and were selected on the basis of a reasonably 
constant plasma fibrinogen level. They w^ere inspected daily for any detectable 
infection and special care was taken in making injections and removing blood 
samples to avoid possible causes of irritation or infection. The results were dis- 
carded if any infection or abscess developed during the course of an experiment. 
The animals were maintained on a diet of Purina Fox Chow\ Blood samples w’^ere 
taken from the superficial veins. Plasma fibrinogen was determined by the 
method of Campbell and Hanna (1937) and the prothrombin time by the method 
of Quick (1938). 

We are indebted to the Charles H. Frosst Company, Montreal, for an ample 
supply of dicumarol. This was dissolved in physiological sahne immediately 
before use by adding a few drops of 5 N NaOH, and was injected intravenously. 

Results. Various doses of dicumarol (2.5-20 mgm./kgm.) were administered 
to a number of animals and their plasma fibrinogen determined daily. Pro- 
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thrombin times were also determined on most of the animals. To control 
variations in fibrinogen due to other factors, the fibrinogen was determined for 
3 to 5 days before the experiment. In the experiments cited the fibrinogen re- 
turned to this “normal value” in 2 to 7 days after the injection. Controls showed 
that in animals thus standardized and free of infection the fibrinogen in tWs 
period of time did not vary more than ±0.02 mgm. N/ cc., so that greater varia- 
tions could be ascribed to the dicumarol. However, longer periods of time 
showed a greater change in the fibrinogen level and the fibrinogen appeared to 



Fig. 1. Plasma fibrinogen following the injection of dicumarol. 

Fig. 2. Effect of dosage of dicumarol on the change in plasma fibrinogen following dicu- 
marol injectioif. -f + dog 1, O O, dog 2, • # dog 4, X X, dog 8. 


increase gradually with the animaPs eojcuin in the laboratory. Fach experiment 
was followed by a rest period (usually about three weeks) so that there was con- 
siderable variation in the ‘^normal value^’ for the same dog in different ex- 
periments. 

Curves typical of those obtained are shown in figure 1. On administering 10 
mgm./kgm. of dicumarol to dog 1, the fibrinogen rose from an initial value of 
0.31 to 0.40 mgm. N/cc. 24 hours after the injection and then gradually returned 
to the initial value. In 11 experiments involving seven animals, a significant 
rise in fibrinogen occurred 24 hours after the injection. Eleven milligrams/kilo- 
gram was administered to dog 2 (fig. 1) but was followed by no significant change 
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in fibrinogen. When 18 mgm./kgm. was administered to this animal, the fibrino- 
gen fell from 0.46 to 0.30 mgm. N/cc. where it remained for 2 days, gradually 
returning to normal. 

The effect of graded doses of dicumarol is shown more fully in figure 2 by plot- 
ting the absolute change in fibrinogen occurring 24 to 48 hours after the injection. 
With dog 4, 6 mgm./kgm. caused a significant rise in fibrinogen; 10 mgm./kgm. 
in one experiment caused a significant decrease in fibrinogen, in a second experi- 
ment resulted in no significant change; 20 mgm./kgm., however, caused a marked 
decrease in fibrinogen. Hence in this dog, a 5 mgm. dose caused a rise, 10 mgm. 
little change and 20 mgm. a fall in fibrinogen. Similar results were obtained with 
other animals. However, the dosage at which a positive response was changed to 
a negative one depended on the animal. Thus with dogs 1 and 8 the fibrinogen 
response increased with .dicumarol dosage up to 10 mgm./kgm. and it was the 20 
mgm. dose which resulted in no change in fibrinogen. Dog 2, on the other hand, 
in which 18 mgm./kgm. caused the greatest fall in fibrinogen observed in the 
series, showed little change with 5 and 11 mgm. doses, suggesting that these doses 
were too large to cause an increase in fibrinogen in this animal. The experiments 
with all the other animals studied showed the same pattern of the change of 
fibrinogen response with dosage as those reported in figure 2. In view of the 
possibility that, in spite of the long period elapsing between doses, the response to 
a given dose might be affected by previous administration of dicumarol, the order 
in which the various doses of dicumarol were taken was varied with different 
animals. The same pattern of response was obtained in all cases, indicating that 
previous administration of dicumarol was not a factor. 

All animals showed approximately the same change in prothrombin time with 
the dicumarol, the prothrombin time increasing with the dicumarol dosage. 
While there was some variation, it was not great enough to draw conclusions 
correlating the degree of lowering of prothrombin with the nature of the 
fibrinogen,response. Of interest, however, was the finding that while the change 
in fibrinogen reached a peak 24 to 48 hours after the injection and returned to 
normal by the 2nd to 5th day, the maximum prothrombin time, as has been re- 
ported by others, was not reached until 3 to 5 days after the injection. 

Discussion. Fibrinogen has been found to be an extremely labile plasma pro- 
tein constituent, and fluctuations in amount are caused by a number of factors. 
Foster and Whipple (1921) reported that with the most rigidly controlled condi- 
tions the fibrinogen of normal dogs shows considerable variation, but that under 
uniform conditions the blood fibrinogen of an individual adult normal dog will 
not show any great fluctuation. Severe liver necrosis produced low fibrinogen 
values, whereas slight liver injury served as a stimulus for the production of fibrin- 
ogen. Schultz, Nicholas and Schaeffer (1925) found an immediate rise in fibrino- 
gen after mild liver injury. These findings have been confirmed for many 
conditions, both experimentally and clinically (cf. Ham and Curtis). 

The results obtained with dicumarol show the same pattern and suggest that 
the drug is toxic to the liver. Small doses may cause mild liver injury and stimu- 
late the production of fibrinogen, and larger doses may cause more severe injury 
and depress the formation of fibrinogen. The results obtained are in agreement 
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with data from tlie original experiments of Roderick, since not only does he repprt 
% fall in fibrinogen but an examination of his data suggests that in several cases 
this fall in fibrinogen was preceded by a slight rise at the beginning of the feeding 
experiments. 

The change in fibrinogen during the first 24 to 48 hours following the injection 
of dicumarol indicates that the action of the latter upon the liver is immediate. 
This has been previously suggested for the effect of dicumarol on prothrombin, 
the lag in the latter response being ascribed to the time required for the circulating 
prothrombin tp be used up. If the latter view is correct then the difference in the 
times at which plasma fibrinogen and prothrombin decrease after dicumarol is due 
to differences in the rate of utilisation by the body rather than to differences in the 
action of dicumarol in the hepatic cells involved in the production of these sub- 
stances. 


SUMMARY 

Plasma fibrinogen was determined in dogs injected with varying amounts of 
dicumarol. The administration of dicumarol has an effect on plasma fibrinogen 
as well as on plasma prothrombin. Large doses tend to lower the plasma fibrino- 
gen concentration; smaller doses raise it. These results are similar to those ob- 
tained with liver toxins. 

The study was conducted with the aid of a grant from the John and Mary R. 
Markle Foundation. The authors also wish to acknowledge their indebtedness 
to Prof. C. H. Best for his kindly interest and support. 
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It was suggested by Serege (1) in 1902 that the blood entering the liver from 
the portal circulation did so in more or less discrete channels of streamline flow. 
Thus the blood from the spleen was largely diverted to the left side of the liver 
while that from the mesenteric veins tended to move to the right side. 

By the introduction of small amounts of radioactively tagged phosphoric acid 
into the various contributary branches of the portal vein it is possible to demon- 
strate that such a streamline flow takes place without considerable mixing of the 
blood from the various organs in the path of th^^ fluid. Using this method we 
have carried out several experiments which demonstrate this phenomenon. The 
results are presented in figure 1. 

Methods. Three healthy adult mongrel stock dogs were used in the experi- 
ments. In experiment 1 the animal was anesthetised with nembutal (28 mgm. 
per kgm. body weight). A mid-line incision was made extending from the 
xyphoid process to the umbilicus and the splenic vein was exposed. Loose liga- 
tures were placed about the portal vein, hepatic artery, and inferior vena cava. 
About 0.5 mgm. of tagged phosphoms in the form of H 3 P ()4 having about 0.5 
millicurie of radioactivity and contained in about 0.5 ml. of solution was injected 
in the splenic vein as near the spleen as possible. After approximately three 
seconds^ interval the ligatures were pulled and tied. The liver was removed in- 
tact and immediately frozen in an ether-dry mixture. Transverse sections were 
then cut across the liver and after being weighed were wet ashed in sulphuric and 
perchloric acids (2). After neutralisation with concentrated sodium hydroxide 
the samples were made to a convenient volume in volumetric flasks and suitable 
aliquots were examined for labelled phosphorus. Radioactivity measurements 
were carried out on a counting rate meter- such as described by Gingrich and 
Evans (3, 4). The aliquots taken had counts of the order of 1,000 to 10,000 per 
minute with a background count of about 55 per minute. 

In experiment 2 the tagged phosphoric acid was injected into the jugular vein 
and about five minutes were allowed to elapse before tying off the hepatic vessels. 
This animal served as a control on the other two experiments, since fairly com- 
plete mixing of the labelled phosphorus in the circulation was allowed and no 
difference in concentration of the tagged material should have existed in the blood 
from the contributing vessels in the portal circulation. 

^ This work was made possible through a grant from the Nutrition Foundation. 

* Measurement equipment was provided by the Bristol -Meyers Company. 
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In experiment 3 the tagged phosphoric acid was injected in a branch of the 
mesenteric vein, about three seconds being allowed to elapse before tying off the 
loosely ligated hepatic vessels. 

Experimental observations. The results of these three experiments can 
best be seen by examination of figure 1 in which the percentage of the total tagged 
phosphoric acid found, per gram of liver appearing in each slice, is plotted against 
the per cent of liver mass traversed from the right to the left side of this organ. 
Due to the irregularity in the shape of this organ and the variability in its thick- 
ness the results can be looked on as being only semi-quantitative. However, 
these variabilities are minimised in opposite paired sections of the liver. The 
differences in the findings following injection in the splenic and mesenteric veins 
are so great when compared with the control experiment and when compared with 



LIVER MASS IN TRANSVERSE SECTION 
Fig. 1 

one another, that one can hardly escape the conclusion that there is definite evi- 
dence of the bilaterality of flow of blood in this part of the circulation. In the case 
of the splenic vein injection there was about 4.5 times the amount of tagged ma- 
terial in the left extreme section per gram of hepatic tissue as on the corresponding 
right side. In contrast, in the dog injected in the branch of the mesenteric vein 
there was about 3 times as much labelled phosphoric acid in the right section as 
contrasted with the left section. The control animal showed equal distribution 
of the tagged phosphorus in all sections taken per weight of liver tissue within the 
limits of error of the methods employed, there being no apparent differences on 
either side. 

Discussion. The greatest interest which is associated with these findings 
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would likely be in respect to the implications concerning metastatic involvement 
of hepatic tissue from primary tumors in the mesenteric areas, with an expected 
localisation of the secondary process in the right side of the liver. Occasionally 
at autopsy one observes metastases in the right side of the liver due to intestinal 
malignancy. 

It seems doubtful that the existence of a streamline flow from the vessels con- 
tributing to the portal supply should in any manner alter noticeably the composi- 
tion of the liver from a chemical point of view since in order to do so one would be 
forced to hypothesize that the removal of such materials from the blood passing 
through this organ is much more rapid then probably obtains. However, in the 
case of particulate matter such as tumor fragments, the situation is extremely 
efficient and one trip through the organ would likely suffice to remove most of the 
suspended material. 


SUMMARY 

By the use of phosphoric acid tagged with the radioactive isotope it is shown 
that when the material is injected in the splenic vein there is a decidedly greater 
concentration of the tagged phosphorus in the left side of the liver than in the 
right side within about three seconds of the time of injection. In contrast, when 
the same material is injected in a branch of the mesenteric vein there is a 
markedly greater accumulation of the labelled material on the right side of the 
liver. When it is injected into the jugular vein and sufficient time allowed for 
complete mixing with the circulating blood there are no demonstrable differences 
in concentration of the tagged material in various transverse sections taken from 
the liver. 

There is evidently a physiological bilaterality of flow of blood in the portal vein 
which is streamline in nature and by which splenic blood is largely sent to the left 
side and mesenteric blood to the right side of the liver. 
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Renal function in unoperated dogs anesthetized with sodium pentobarbital 
was investigated by means of clearance methods by Corcoran and Page (1). 
In most of their anesthesias renal blood flow and glomerular filtration were 
essentially normal. In a series of patients studied by Coller, Rees, Campbell, 
lob and Moyer (2), the combination of anesthesia by ether or cyclopropane 
with surgical operation sometimes had no effect on renal function and some- 
times depressed renal blood flow and glomerular filtration. They attributed the 
changes in renal function so often seen in anesthesia to alterations outside the 
kidney. 

The present experiments were undertaken to observe renal function in dogs 
under ether or cyclopropane anesthesia in the absence of the complications in- 
troduced by surgical operation. Clearances of creatinine (Ccr) sodium p- 
aminohippurate (Cpah) were used to measure glomerular filtration and renal 
plasma flow respectively; in most cases the maximum tubular reabsorption of 
glucose from the glomerular filtrate (Tmo) was also measured. 

In series I clearances were first determined on unanesthetized dogs ; anesthesia 
was then induced and additional clearances were determined under anesthesia. 
The results duplicated those of the previous investigators (1, 2), for in some 
anesthesias there was no change from the control values, while in others the 
clearances were markedly depressed. 

In series II the influence of the depth of anesthesia v as examined 
systematically. The experiments were conducted in three successhe phases: 
first under light anesthesia, second under deep anesthesia, and third under light 
anesthesia again. Reversible depression of function was usually seen in the 
second phase. 

Methods. Ten female dogs ranging from 8 to 16 kgm. in weight were used. 
The position of the dogs during the experiments was supine on a padded dog 
board and a minimum of restraint was applied. Well trained dogs were not 
used for the first experiments because of the hazard of anesthesia. For this 
reason good relaxation was not always obtained in the control periods before 
anesthesia. Moreover, some trained dogs did not relax and appeared appre- 
hensive when returned to the board after one or more anesthesias. 

At the beginning of the experiment the dogs were given about 50 cc. per kgm. 
of water by mouth. Creatinine, PAH and a diuretic (mannitol or glucose) 
were infused at constant rate into ati ear vein; a priming dose of each compound 
was given at the beginning to supplement the infusion. In series I various 
infusions were employed, but in series II only one. Here the priming infusion 
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contained 1 gram of creatinine, 10 grams of glucose and 0.75 cc. of a 20 per cent 
solution of PAH made up to a volume of 20 cc. with water. The sustaining 
infusion contained 2 grams of creatinine, 60 grams of glucose and 4 cc. of a 20 
per cent solution of PAH made up to a volume of 300 cc. with 0.85 per cent 
NaCl solution. The rate of infusion in series II was about 1.75 cc. per minute. 

Urine was collected at measured intervals of about 10 minutes by means of an 
indwelling catheter. The bladder was washed out at each collection with 10 cc. 
of water. Blood was drawn from the jugular vein on the side away from the 
infusion or from a femoral artery if glucose was being determined. At least 
two samples of blood were drawn for every three urine collection periods. Blood 
pressure was read from a mercury manometer following puncture of a femoral 
artery. Rectal temperature, respiratory rate and heart rate were noted at 
intervals. 

Anesthesia. Ether anesthesia was induced by the open drop method, and when 
it was sufficiently deep, an endotracheal tube was inserted and connected to a 
rubber bag for to and fro breathing by means of a soda lime cannister to absorb 
carbon dioxide. Oxygen was supplied continuously and ether intermittently 
from a metric gas machine.^ A depth of anesthesia was sought that would pre- 
vent swallowing and limb movements but maintain the eye reflexes and costal 
respiratory movements. Unintentional deviations from this level were usually 
on the deep side. 

Cyclopropane anesthesia was induced by means of a cone supplied with a 
50-50 mixture of cyclopropane and oxygen. At the appropriate depth the endo- 
tracheal tube was inserted and connected with the rebreathing equipment used 
for ether. Oxygen was supplied continuously and cyclopropane intermittently. 
The depth of anesthesia was regulated to maintain the respiratory movements 
at a low rate. It was difficult to maintain a constant level of anesthesia with 
cyclopropane and with some dogs there were intermittent periods of artificial 
respiration given by squeezing the bag. 

In series I the plan w^as to maintain the level of anesthesia at the first plane of 
the surgical stage. However, sufficient care was not taken to prevent consider- 
able fluctuation toward the third plane both during the time between induction 
and the beginning of the clearance periods, and during these periods. In series 
II, the depth throughout the anesthesia was more carefully controlled, and 
advantage was taken of the experience gained in series I. Ihe time between 
induction and the beginning of the collection periods was kept to a minimum. 
During this time and in phases 1 and 3, care was taken to maintain the activity of 
the eyelid and corneal reflexes. In phase 2, the level of anesthesia was deepened 
to the point of elimination of costal breathing with ether , and cessation of both 
costal and diaphragmatic breathing with cyclopropane. 

Chemistry. The blood samples were collected with a minimal amount of 
saturated potassium oxalate and centrifuged for 10 minutes. The plasma protein 

^ This machine was very generously made available to us from the Department of 
Anesthesia by Dr. E. A. Rovenstine. Doctor Rovenstine very kindly demonstrated the 
intubation and the use of the equipment with each anesthetic agent. 
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Was precipitated with CdS 04 (3). These CdS 04 filtrates and the diluted urine 
samples were placed in the refrigerator and analysed in duplicate the following 
day. 

Creatinine was determined according to the alkaline picrate method (4) ; the 
colorimeter readings were made exactly 10 minutes after addition of the picrate, 
with a 520 filter. Mannitol clearances were determined simultaneously with 
creatinine in the first four experiments; the mannitol was determined by the 
method of Smith, Finkelstein and Smith (^). The ratio of the mannitol and 
creatinine clearances was 1.04 ± 0.029 for 9 control periods and 0.99 ± 0.026 
for 17 periods under ether. Since the ratio did not change significantly under 
ether, it was considered that the creatinine clearance gave a satisfactory measure 
of glomerular filtration under these conditions. 

Determination of PAH was carried out by a modification of the method of 
Bratton and Marshal (6) as described by Smith, Finkelstein and Aliminosa (7). 
The assumption implicit in the use of Cpah as an index of renal blood flow is 
that any decline in Cpah in anesthesia represents a change in blood flow and not 
in the degree of extraction of PAH. The degree of extraction of PAH from the 
blood by the kidney as estimated from clearance methods (7) has been confirmed 
by analysis of renal vein blood from explanted kidneys of dogs anesthetized with 
sodium pentobarbital by Phillips et al. (8). In their experiments the extraction 
ratio averaged 0.85. In normal human subjects whose renal vein blood has been 
collected, somewhat higher average extraction ratios have been obtained: 0.92 
(9) and 0.88 (10). 

Glucose was determined by the method of Folin as modified by Shannon, 
Farber and Troast (11). When the results for Tmo were calculated on the basis 
of true glucose by yeast fermentation (12) the average deviation from the values 
obtained without yeasting was 2 dz 1 per cent for 52 periods in 9 experiments. 
For this reason the yeast treatment was abandoned. 

Results. Series I. The data for this series are summarized in table 1. 
The clearance data have been corrected for surface area (13) and plottecl in figure 1 
against a statistical background provided by a series of 203 unpublished control 
observations on 52 normal female dogs collected over a period of years in this 
laboratory and collated by one of us (C. R. H.). The hexagon in the figure in- 
cludes all points whose deviation from the means for filtration fraction, Ccr and 
CpAH is less than twice the standard deviation of the mean. This area will be 
regarded as the normal range of variation. 

Of the 17 control points in series I, 5 include at least one clearance (either 
Ccr or Cpah) outside the normal range, 6 have elevated filtration fractions only, 
and 6 fall within the normal range in all respects. Of the 6 points having an 
elevated filtration fraction 4 (expts. 7, 9, 11, 13) come from dog Gt who did not 
like to lie on her back. 

Of the 18 points representing anesthesias, 8 fell within the normal range, one 
had a slightly elevated filtration fraction, and 9 exhibited a depression in either 
Ccrj CpAH or both. The general trend oFthe filtration fractions was somewhat 
higher than the mean of the normal range. There was no pronounced change in 
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TABLE 1 


Renal clearances before and during anesthesia with ether or cyclopropane 

Series I 


EXP. 

DOG 

DATE 

AGENT 

TIME FEOM 
INDUCTION 

^ - 
si 

BU>OD 

URINE 

Ccr* 

CpAH* 

FILTRATION 

FRACTION* 

CCr/CpAH 

NO. 


Weight 

Surface 
area 1 

TO 1st 
PEEIOD 

n M 

P&ESSUSE 

FLOW 



kg. 

sq. m. 



min. 


mm. Hg 

cc./ 

min. 

cc./ 

mtn. 

cc./ 

min. 


1 

c 



8/18 

None 


3 


2.47 

61 

169 

0.361 

2 


16.5 

0.86 


Ether 

Ill 

3 


1.30 

32- 

132- 

0.234 

3 




8/26 

! None 


3 

101 

1.00 

79 

247 

0.319 

4 





Ether 

165 

1 

62, 86 

0.66 

12- 

108- 

0.112- 

5 




9/15 

Ether 

201 

6 

74 

0.84 

46 

203 

0.227 

6 




9/23 

None 


3 

108 

2.67 

60 

175 

0.345 

7 

Gt 



9/8 

None 


5 

105 

1.92 

52 

128 

0.414-f- 

8 


11.2 

0.69 


Ether 

82 

5 

90 

2.44 

54 

163 

0.333 

9 


10.9 

0.59 

1/10 

None 


3 

138 

2.86 

53 

114 

0.460+ 

10 





Ether 

118 

3 

91 

i 5.88 

43 

107 

0.400+ 

11 


11.3 

0.58 

1/17 

None 


2 

130 

1 1.06 

46 

1 105 

0.440+ 

12 





Ether 

140 

3 

70 

1.91 

19- 

51- 

0.380 

13 


10.9 

0.59 

2/17 

None 


3 

135-115 

4.29 

55 

131 

0.417+ 

14 





Ether 

75 

3 

108 

5.22 

60 

170 

0.353 

15 



0.59 

2/29 

Ether 

109 

3 

91 

5.24 

36 

101 

0.373 

16 

B 



1/27 

None 


4 

no 

3.46 

77+ 

171 

0.455+ 

17 


9.3 i 

0.57 


Ether 

105 

1 

101 

1.25| 

23- 

46- 

0.480+ 

18 

G1 



1/31 

None 


3 

110-140 

8.86 

50 

105- 

0.477+ 

19 


12.0 

0.71 


Ether 

101 

3 

126 

3.00 

22- 

66- 

0.337 

20 

K 



2/7 

None 


6 

120 

9.72 

39 

112 

0.350 

21 


12.8 

t 

0.69 


Ether 

81 

3 

120 

12.00 

33 

78- 

0.423+ 

22 

D 



2/15 

None 


3 

120 

1.97 

24 

77- 

0.353 

23 


8.5 

0.49 


Ether 

71 

3 

120 

1.07 

31 

83 

0.370 

24 




3/6 

None 


3 

130 

2.88 

23 

58- 

0.429+ 

25 





Cyclo 

160 

3 

75-130 

0.84 

23 

54- 

0.400+ 

26 

H 



2/21 

None 


6 

120 

4.61 

65 

247-f 

0.263 

27 


10.9 

0.55 


Ether 

67 

3 

96 

0.37 

8- 

96 

0.085- 

28 




3/2 

None 


3 

100-115 

2.98 

58 

146 

0.398+ 

29 





Cyclo 

138 

3 

102 

2.17 

31 

77- 

0.414+ 

30 

T 



2/24 

None 


3 

100-140 

4.30 

60 

194 

0.307 

31 

( 

8.1 

0.51 


Ether 

60 

3 

100 

1.83 

59 

197 

0.298 

32 




3/9 

None 


3 

110-150 

4.09 

51 

141 

0.359 

33 





Cyclo 

89 

3 

109 

3.74! 

40 

115 

0.350 

34 

N 



3/13 

None 


3 

100 

4.61 

52 

117 

0.421+ 

35 


11.9 

0.61 


Cyclo 

145 

3 

120 

4.30 

53 

148 

0.355 


* The addition of + or — indicates the figure is outside the normal range as explained 
in figure 1. 
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filtration fraction as a result of anesthesia, although 14 out of 18 were lower during 
anesthesia than during the control periods. 

Data for Tmo are given in table 2. In 5 out of 7 experiments, Tmo was lower 
under anesthesia than in the control periods and in 3 the difference was greater 



Fig. 1. Clearances of creatinine and p-aminohippurate in units of cubic centimeters of 
plasma per minute per square meter of body surface area. 

Statistical background. This is derived from a control series of 203 observations includ- 
ing two or more clearance periods made previously by other workers in this laboratory on 
52 normal female dogs. The means and standard deviations were 85 db 19 for Ccr, 290 ± 
64 for CpAH and 0.300 dz 0.047 for the filtration fraction. The solid columns on the ordinate 
and abscissa represent ± twice the standard deviation from the means. The diagonals rep- 
resent the mean filtration fraction and other filtration fractions at intervals of twice the 
standard deviation. The hexagon made by the heavy lines defines the limits of twice the 
standard deviation from the three means. It includes 90 per cent of the observations of 
the control series and is referred to in the text as the normal range. 

Series I. The data for the dogs of table 1 unanesthetized (open circles) and anesthetized 
with ether or cyclopropane, corrected for surface area and plotted against the statistical 
background of the control series. 

Series II. The data of table 2 corrected for surface area and plotted against the statistical 
background of the control series. The three phases refer to successive conditions of light, 
deep and light anesthesia, as described in the text. Four experiments with ether and four 
with cyclopropane are included. 

than 10 per cent. In these 3 instances the load was maintained well above Tm 
levels but the Ccr fell. 

Series II, The detailed data are collected in table 3, and the clearance data 
corrected for surface area are shown in figure 1. In phases 1 and 3, 6 out of 8 
points fell within the normal range; in phase 2 under deep anesthesia both clear- 
ances were reduced so that out of 8 points only 2 remained within the normal 
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range. In one of these (expt. 39) Ccr was depressed 21 per cent and Cpah only 
9 per cent, although the urine flow fell by 52 per cent and the blood pressure fell 
to 70 mm. Hg. In the other (expt. 37) the clearances were still within the normal 
range although Ccr and Cpah foil by 40 and 27 per cent respectively and the urine 
flow decreased by 59 per cent. 

With the exception of experiment 39, just cited, and experiment 37, in which 
the blood pressure was not observed in phase 2, the decrease in Cpah in phase 2 
occurred without significant change in the systemic arterial pressure. 


TABLE 2 

Effect of anesthesia on Tma 
Series I 


DOG 

DATE 

AGENT 

NUMBER OP 
PERIODS 

CCr 

Pg* 

LOAD 

^G^Cr 

TniQ 

Tidq anesthetized 

TmQ CONTROL 





cc.lmin. 

mgm./cc. 

mgm.fmin. 

mgm.fmin. 


Gt 

1/17 

None 

1 

46 

3.91 

180 

127 




Ether 

1 

29 

9.60 

278 

141 

1.11 

Gt 

2/17 

None 

3 

55 

4.42 

243 

136 




Ether 

3 

60 

5.77 

346 

124 

0.91 

B 

1/27 

None 

4 

77 

3.79 

292 

165 




Ether 

1 

23 

8.90 

205 

145 

0.88 

G1 

1/31 

None 

3 

50 

10.50 

525 

138 




Ether 

1 

28 

14.60 

410 

140 

1.01 

H 

3/2 

None 

3 

58 

5.54 

321 

124 




Cyclo. 

3 

31 

7.32 

227 

102 

0.82 

T 

3/9 

None 

3 

51 

5.67 

289 

117 



• 

Cyclo. 

3 

40 

6.49 

259 

98 

0.83 

N 

3/13 

None 

3 

52 

4.02 

209 

117 




Cyclo. 

3 

53 

5.64 

299 

108 

0.92 


* In each of the above experiments there was no significant change in either rate or com- 
position of infusion from the control periods to the periods under anesthesia. Accordingly 
the rise in blood sugar is regarded as an effect of the anesthetic agent. The commonly 
observed hyperglycemia of ether is explained only in part by sympathetic excitation (14). 


The data for series II are summarized in table 4. The values for phases 2 and 3 
were converted to a percentage of the value for phase 1 before being averaged. 
In general the increased depth of anesthesia in phase 2 was accompanied by a 
decrease of about one-half in urine flow, Ccr, Cpah and Tmo, and no change in 
filtration fraction. In many cases recovery in phase 3 was incomplete, but for 
the series the difference between phase 1 and phase 3 was not statistically sig- 
nificant. 

In series II decreases in Tmo were observed in spite of the fact that in every 


TABLE 8 

Effect of deep anesthesia on kidney function 
Series II 


IXPT. NO.. 


Dog. 


Weight, kgm 

Surface area, sq. m. 

Date 

Agent 

Hydration, cc 

Infusion, cc./min 


Time of Induction. 


Min. after 
induc- 
tion 


Phase 1 
Phase 2 
Phase 3 
End of phase 3 


Number of collection 1 
periods 2 


Urine flow cc./min. 


Ccr cc./min. 


CpAH cc./min. 


Filtration fraction 


Load mgm./min. 


Tmo mgm./min. 


Rectal temperature ®C. 


36 

37 

38 

39 

40 

41 

42 

43 

H 

Gt 

M 

10.6 

10.1 

10.9 

10.4 

10.1 

11.3 

11.8 

11.2 

0.63 

0.61 

0.62 

0.62 

0.62 

0.63 

0.63 

0.63 

3/31 

4/20 

4/6 

4/27 

5/11 

4/14 

5/5 

6/18 

Ether 

Cyclo 

Ether 

Cyclo 

Cyclo 

Ether 

Cyclo 

Ether 

0 

600 

500 

600 

500 

300 

650 

550 

1.75 

1.75 

1.94 

1.80 

1.59 

1.72 

1.75 

1.80 

9:35 

1:36 

9:55 

1:50 

1:30 

1:40 

9:48 

1:43 

62 

64 

71 

64 

40 

57 

47 

57 

80 

96 

91 

84 

70 

78 

67 

78 

118 

115 

122 

104 

111 

98 

87 

97 

163 

L65 

176 

155 

146 

160 

138 

152 

2 

3 

2 

2 

3 

2 

2 

2 

3 

1 

3 

2 

4 

2 

2 

2 

4 

5 

5 

5 

3 

4 

5 

5 

1.10 

2.82 

3.49 

5.20 

2.57 

4.37 

2.80 

2.26 

0.41 

1.16 

1.73 

2.50 

0.93 

2.55 

0.60 

0.82 

1.04 

2.42 

3.40 

3.37 

3.12 

5.18 

5.30 

2.38 

22 

58 

40 

52 

45 

41 

50 

40 

6 

35 

21 

41 

20 

29 

9 

12 

11 

56 

28 

53 

37 

40 

45 

31 

121 

163 

144 

136 

131 

143 

117 

124 

! 37 

119 

75 

124 

75 

97 

21 

39 

; 65 

183 

101 

134 

96 

132 

m 

101 

0.185 

0.361 

0.275 

0.386 

0.351 

0.286 

0.428 

0.32( 

5 0.172 

0.294 

0.274 

0.337 

0.265 

. 0.297 

0.398 

0.28: 

{ 0.172 

0.311 

0.284 

0.393 

0.382 

1 0.300 

1 0.368 

o.3i: 

L 173 

211 

322 

289 

237 

293 

264 

276 

1 37 

173 

194 

243 

120 

232 

52 

86 

5 123 

296 

314 

321 

273 

339 

292 

223 

1 102 

117 

125 

123 

121 

97 

126 

108 

2 33 

100 . 

79 

119 

66 

89 

26 

34 

5 62 

140 

98 

133 

96 

87 

107 

83 

1 06 

no 

101 

114 

90 

95 

105 

94 

2 99 


97 

70 

92 

100 

102 

114 

3 96 

99 

100 

99 

123 

105 

125 

102 

1 36.7 

38.0 

37.8 

37.4 

37.0 

38.4 

38.6 

39.2 

2 36.9 


37.1 

36.7 

36.3 

38.3 

38.3 

39.3 

3 37.2 

37.7 

36.0 

36.7 

35.4 

37.8 

38.3 

39.3 
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instance except experiment 36, phase 2, the simultaneous load/To ratio was 
above 1.25, the ratio ordinarily considered adequate for saturation (15). In 
experiment 38, phase 2, the load/To ratio was 2.46 and the load was ,1.55 times 
the Tmo in phase 1, when Tmo and Ccr were reduced by 37 and 46 per cent 
respectively from phase 1. In phase 3 there were 4 cases (expts. 36, 38, 40, 
43) in which Tmo failed to recover to 80 per cent of phase 1. Here the load 
was adequate for saturation, but Ccr was depressed as much or more than Tma- 
In these four experiments Cpah did not recover completely either; the ratio of 
phase 3 to phase 1 was 0.54, 0.70, 0.73 and 0.81 respectively. 

Another activity for which data are available is the degree of reabsorption of 
water from the glomerular filtrate. The urine volume represents the fraction of 
the glomerular filtrate that fails to be reabsorbed. The ratio urine volume/ 
Ccr thus provides an indirect measure of water reabsorption. In series II this 
ratio did not change significantly from phase 1 to phase 2 (table 4). In recovery 
from phase 2 to phase 3, the ratio increased in each case and the mean increase 

TABLE 4 
Statistical summary 
Series II 


Means and standard errors of the means for phase 2 and phase 3 when phase 1 is set equal 
to 100. In the last line, phase 2 is set equal to 100. N « 8. 


PHASE 

1 

2 

3 

Urine flow 

100 

41 ±3.6 

110 ±13.1 

Ccr 

100 

48 ±7.7 

83 ±6.0 

CpAH 

100 

53 ±8.9 

86 ±7.0 

Filtration fraction 

100 

91 ±3.2 

98 ±3.2 

Tmo 

100 

60 ±10.5 

86 ±7.4 

Urine flow/Ccr 

• 

jioo 

95 ±9.5 

100 

137 ±17.0 

142 ±9.4 


was 42 per cent. Such a relative increase in urine flow in recovery might be 
Expected in order to compensate for the absolute reduction in flow during the 
phase of deep anesthesia (16). 

Discussion. From the present experiments and the observations of others 
it is evident that renal function is not necessarily impaired under light anesthesia. 
In series I Ccr or Cpah was depressed below the normal range in 7 anesthesias 
with ether and 2 with cyclopropane. In these experiments the protocols provide 
some additional information about the condition of the animal during the clear- 
ance periods but not during the preliminary time under anesthesia, namely: 

1. Anoxia, as indicated by dark arterial blood or a blue tongue in experiments 

4, 17 and 27 

2. Deep anesthesia, continuous or intermittent, experiments 12 and 26 

3. Depressed respiration, experiments 19 and 21 (here the blood sugar was 

unusually high due to rapid infusion, the maximum levels being 1895 
and 2650 mgm. per 100 cc. respectively) 

4. No indication, experiments 2 and 29, 
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Notes on the 9 anesthesias in which the clearances were within the normal range 
show: 

1. Anoxia (dark blood or blue tongue) in experiments 33 and 35 

2. Three inductions before intubation was accomplished, experiment 5 

3. Low rectal temperatures, 35.8°C. in experiment 10, and 32.7°C. in experi- 

ment 15 

4. No indication in experiments 8, 14, 23 and 31. 

It is possible that errors in judging the depth of anesthesia were made during 
the clearance periods. It is also possible that the anesthesia was maintained at 
the desired level during the clearance periods but had been permitted to deepen 
during the interval between induction and the beginning of the clearance periods. 
This raises the question of the reversibility of the changes in renal function in 
deep anesthesia such as were seen in series II. The recovery of function in 
phase 3 was rapid and complete in 4 cases out of 8, but in expei'iments 36, 38, 40 
and 43, recovery was only 80 per cent or less of phase 1, and the depression in 
function persisted throughout phase 3 or for 30 to 50 minutes. Repeated changes 
in depth of anesthesia place an additional strain on the circulation. Bennett, 
Bassett and Beecher (17) found that repeated deepening of anesthesia hastened 
the development and increased the severity of shock induced in dogs by hemor- 
rhage. 

One striking feature of both series was the stability of the filtration fraction 
at times when the clearances fluctuated over a wide range. In series I an ele- 
vated filtration fraction was brought within the normal range in experiments 8, 
12, 14, 19 and 35, but not in 10, 17, 25 and 29. A low filtration fraction was 
seen in experiments 4 and 27 in association with renal shutdown. In series II 
phase 2, the filtration fraction fell in the average by only 9 per cent while the 
clearances fell by about 50 per cent. 

The deeper levels of anesthesia were characterized by decreased renal clear- 
ances and no important changes in blood pressure or filtration fracftion. Deep 
anesthesia thus resembles traumatic shock (18) which is characterized by de- 
creased blood pressure and renal blood flow and by no change or a fall in filtration 
fraction, rather than sympathetic stimulation (19) which is characterized by a 
rise in blood pressure and filtration fraction and a fall in renal blood flow, or a 
sudden change in posture from supine to nearly upright brought about by a 
tilt table (20), which is characterized by a rise in blood pressure and a fall in 
both glomerular filtration and renal blood flow. 

Under these circumstances it is likely that the decreased clearances in deep 
anesthesia are brought about by constriction of the afferent arterioles. Further- 
more, the constriction is assumed to be neurogenic. The question may be raised 
whether the vasoconstriction is generalized or whether some nephrons are ren- 
dered more ischemic than others. The data for Tmo bear on this point. As 
pointed out above, there were a number of experiments in which depressed Tma 
under anesthesia was associated with a fall in Ccr (series I, expts. 17, 29 and 33, 
and series II, phase 3, expts. 36, 38, 40 and 43) . This suggests that the filtration 
rate was diminished considerably in a number of nephrons and not in others. 
The constriction in the vessels supplying these nephrons must have been 
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reversible and not productive of permanent damage, for repeated anesthesias 
failed to alter Tmo in dogs Gt, H and M. A generalized decrease in Ccr of the 
magnitude encountered here would not be enough in itself to affect Tma ap- 
preciably. Shannon and Fisher (21) showed that Tmc fell only 13 per cent in 
one experiment after decerebration under ether when the blood pressure was 
lowered to 50 to 66 mm. Hg by means of a clamp on the aorta and Ccr fell 50 
per cent. 

If the decreased urine flow and clearances found in deep anesthesia are due to 
neurogenic vasoconstriction, an explanation is provided for the commonly ob- 
served diuresis or hyperemia following renal denervation in anesthetized animals. 
In order to permit denervation in the 30 experiments beginning with those of 
Claude Bernard in 1859 that Smith (20) has reviewed, the anesthesia must have 
been fairly deep, deep enough to depress renal blood flow and urine flow. Under 
these conditions denervation might be expected to release the vasoconstriction 
and so permit the observed increase in urine flow or renal blood flow. If this 
explanation is correct it brings the acute experiments on renal denervation under 
anesthesia into harmony with those (also reviewed by Smith, 20) on renal func- 
tion in unanesthetized subjects after renal denervation and in subjects dener- 
vated by spinal anesthesia. In these last two groups of experiments, denervation 
was accompanied by no significant change in renal blood flow. 

SUMMARY 

The present results for ether and cyclopropane in dogs agree with previous 
observations on ether and cyclopropane in man, and sodium pentobarbital 
anesthesia in dogs in that renal blood flow, glomerular filtration, and tubular 
activity as measured by clearance methods, are not changed significantly in light 
anesthesia. 

In dogs under deep anesthesia with ether or cyclopropane, depression of renal 
function occurs. In experiments uncomplicated by surgical operation, renal 
clearances were determined in three consecutive phases, 1 under light anesthesia 
(stage III, plane 1), 2 under deep anesthesia (stage III, plane 3) at a level often 
used in surgical operations, and 3 under light anesthesia again. In four experi- 
ments with ether and four with cyclopropane, there were decreases in urine 
flow, glomerular filtration, renal blood flow, and tubular reabsorption of glucose 
in phase 2 amounting to about one-half the rates observed in phase 1 ; in phase 3, 
the recovery was substantially complete. Femoral mean arterial blood pressures 
measured at intervals did not change significantly from one phase to another. 

The reduction in renal blood flow and filtration rate in deep anesthesia are 
attributed to neurogenic constriction of the afferent arterioles of the kidney. 
This hypothesis would explain in part the phenomenon of renal hyperemia follow- 
ing denervation, recorded in many older acute experiments; it would help to 
account for the fact that under better controlled conditions such denervation hy- 
peremia is not demonstrated. 

We are indebted to Dr. H. W. Smith for suggesting this problem, to Dr. E. 
A. Rovenstine fpr his interest and material help, and to Mr. R. B. Golbey for 
able assistance. 



118 


F, N. CRAIG, F, E. VISSC^BR AND C. R. HOUCK 


REFERENCES 

(1) Corcoran, A. C. and I. H. Page. This Journal 140: 234, l043. 

C2) CoLLER, F. C., V. L. Rees, K. N. Campbell, V. L. Iob and C. A. Moyer. Ann. Surg. 
118: 717,1943. 

(3) Fujita, a. and D. Iwatakb. Biochem. Ztschr. 242 : 43, 1931. 

(4) Folin, O. and H. Wu. J. Biol. Chem. 38: 81, 1919. 

(5) Smith, W. W., N. Finkblstbin and H. W. Smith. J. Biol. Chem. 136: 231, 1940. 

(6) Bratton, A. C. and E. K. Marshall, Jr. J. Biol. Chem. 128: 537, 1939. 

(7) Smith, H. W., N. Finkblstbin and L. Auminosa. J. Clin. Investigation, in press. 

(8) Phillips, R., K. E. Emerson, Jr., V. P. Dole, P. Hamilton, R. M. Archibald and 

D. D. Van Slyke. Personal communication. 

(9) Bradley, S. E. Personal communication. 

(10) Warren, J. W., E. S. Brannon and A. J. Merrill. Science 100: 108, 1944. 

(liy Shannon, J. A., S. Farber and L. Troast. This Journal 133: 752, 1941. 

(12) Somogyi, M. j. Biol. Chem. 78: 117, 1928. 

(13) CowGiLL, G. R. AND D. L. Drabkin. This Journal 81: 36, 1927. 

(14) Phillips, R. A. and N. E. Freeman. Proc. Soc. Exper. Biol, and Med. 31: 286, 1933- 

34. 

(15) Smith, H. W. Lectures on the kidney, p. 91. University Extension Division, Uni- 

versity of Kansas, Lawrence 1943. 

(16) Waters, R. M. and E. R. Schmidt. J. A. M. A. 103: 975, 1934. 

(17) Bennett, H. S., D. L. Bassett and H. K. Beecher. J. Clin. Investigation 23: 181, 

1944. 

(18) Lauson, H. D., S. E. Bradley and A. Courn and. J. Clin. Investigation 23: 381, 

1944. 

(19) Chasis, H., H. a. Ranges, W. Goldring and H. W. Smith. J. Clin. Investigation 

17: 683, 1938. 

(20) Smith, H. W. Harvey Lectures, Series 35: 166, 1939-1940. 

(21) Shannon, J. A. and S. Fisher. This Journal 122 : 765, 1938. 



MUSCLE TONUS AS A FACTOR IN HEMORRHAGE AND SHOCK IN 
DOGS UNDER BARBITAL ANESTHESIA^ 

DAVID F. OPDYKE and GEORGES BERGERON* 

From the Department of Physiology, Western Reserve University Medical School, Cleveland, 0. 

Received for publication October 9, 1944 

The hypothesis that a decreased muscle tonus is the initiating factor in trau- 
matic or hemorrhagic shock is entertained and defended by some workers (1,2). 
The evidence supporting such a hypothesis is based chiefly on changes in intra- 
muscular pressure during various manipulations which result in shock, or a shock- 
like state (2, 3). These studies assume that intramuscular pressure is a measure 
of muscular tonus. The validity of such an assumption has not been proven; on 
the contrary, similar measurements of intramyocardial pressures have proven un- 
satisfactory (4). However, Gesell, Blair and Trotter (5) reported a palpable 
softening of the skeletal muscle in unanesthetized dogs subjected to hemorrhage 
which they interpreted as a loss of muscle tonus. In a later paper Gesell and 
Moyle (6) failed to find consistent changes in resting muscle length during hemor- 
rhage. 

It appeared to us that dogs anesthetized with morphine and sodium barbital 
exhibited little or no tonus of the skeletal muscles even before instituting shock 
producing procedures. If this were true, then the loss of muscle tonus could not 
be an initiating factor, or even a contributing factor, in the production of shock 
in the anesthetized dog. The few experiments reported here confirm our observa- 
tion. 

Methods. The most convincing evidence of changes of muscle tonus is de- 
rived from measurements of tension changes in the resting muscle. Such a 
method has been employed in this study. Dogs were anesthetized with morphine 
(3 mgm./kgm.) and sodium barbital (ca 200 mgm./kgm.), according to the 
method used in this laboratory (7). Mean blood pressures were recorded from 
one femoral artery and blood drawn from the other. A hind limb of the dog was 
rigidly immobilized by placing drill rods through the upper and lower femur and 
mid-portion of the tibia and clamping the heads of the rods to an arrangement 
of heavy bars so that the gastrocnemius muscle and its tendon were in a hori- 
zontal position. The tendon was attached to an optically recording isometric 
muscle lever of good linear characteristic (8). Various precautions were taken 
to insure that artifacts did not occur due to the slipping of the lever or its 
connections. 

Results and discussion. As a control measure the natural changes in muscle 
tension in anesthetized dogs were recorded over a period of hours in three ex- 
periments (fig. lA). The tension decreased markedly in two of the three experi- 
ments (6, c), but only slightly in the third (a). The greatest decrease in tension 

^ Supported by a grant from the Commonwealth Fund. 

* Travelling Fellow. Present address, Laval Medical School, Quebec, Canada. 
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pqcurred in the muscle which had the largest initial tension applied, and the least 
decrease occurred in the experiment with the smallest initM tension. These 
results suggest that the rate of decline is a function of the initial tension applied 



Fig. 1. Tension changes in the gastrocnemius muscle of the anesthetized dog. Changes 
in tension are expressed as per cent of initial tension applied to the muscle. A, control; 
cutting sciatic nerve; C, effect of hemorrhage. 

to the muscle. It is possible that the decrease in tension is due to a stretching 
of the connective tissues which is sufficient to stretch them beyond the limits of 
their elasticity, thereby allowing the muscle to elongate passively. 

It was thought that if the gastrocnemius muscle of the anesthetized dog pos- 
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sessed tonus it could be detected by cutting the sciatic nerve and observing any 
changes of tension which might occur. Three experiments of this type were per- 
formed (fig. IB). Two of these resulted in no change in the downward slope of 
the tension curve (a, c). The contraction of the muscles, indicated by the peaks, 
show that the muscles were irritable. Curve b (Exhibits a sharp decrease in ten- 
sion upon severing the sciatic nerve, but the tension recovers somewhat a few 
moments later. Such a curve is difficult to interpret as a tonus change. In 
view of the character of curves a and c, it is likely that the sudden decrease in ten- 
sion in curve h is an artifact. 

The hemorrhagic method of producing shock has been extensively utilized in 
this laboratory. Therefore, it was desired to study the effect of hemorrhage on 
muscle tonus. Three experiments were carried out in which the blood pressure 
was reduced to 50 mm. Hg by bleeding and maintained at that level for one or 
two hours (fig. 1C). Hemorrhage did not influence the progressive decrease in 
tension in any of these three experiments. 

From the results of these experiments we conclude that the dog anesthetized 
with morphine and sodium barbital does not exhibit muscle tonus. The occur- 
rence of shock in such animals then cannot be explained by a failure of a veno- 
pressor system actuated by loss of muscle tonus. Since the loss of muscle tonus 
could not be an initiating or contributing factor in the genesis of shock under 
these conditions, the present interpretation of changes in intramuscular pressure 
in the unanesthetized animal in the shock state must be viewed with reserve. 

SUMMARY 

Changes in muscle tension of anesthetized dogs were followed by means of an 
optically recording isometric muscle lever. Control experiments showed a pro- 
gressive decline in tension which might be correlated with the initial tension ap- 
plied to the muscle. The downward slopes of the tension curves were not 
materially affected by cutting the ipsilateral sciatic nerve or by hemorrhage. It 
is concluded that the anesthetized dog does not possess skeletal muscle tonus 
and, therefore, loss of tonus cannot be an initiating or contributing factor in 
shocl^. 
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In 1939 Holtz and Heise (1) described an enzyme in mammalian tissues which 
is able to convert the amino acid, dihydroxyphenylalanine (dopa), to the powerful 
jpressor substance, dihydroxyphenylethylamine (hydroxytyramine). In the 
presence of oxygen the resulting amine is quickly destroyed, and it is for this 
reason, presumably, that an injection of dopa into normal dogs or cats does not 
produce a marked rise of blood pressure. In 1941, however, Bing and Zucker (2) 
noted that if dopa were injected intravenously into cats whose kidneys were made 
partially ischemic by constricting the renal arteries, a rise of blood pressure would 
occur. This phenomenon is allegedly due to the decreased oxygen tension in the 
kidneys, whereby the oxidases destroying the amine are inhibited. Dopa decar- 
boxylase, on the other hand, acts in the absence of oxygen. 

These experiments suggested to Oster and Sorkin (3) that the response of the 
blood pressure to an injection of dopa might be a measure of intrarenal oxygen 
tension. Consequently, they gave from 80 to 450 mgm. of I-dopa intravenously 
to normal and hypertensive human subjects and observed that the rises of blood 
pressure were greater and more prolonged in those patients with essential hyper- 
tension. This, they concluded, may have resulted from defective renal deami- 
nation due to inadequate blood supply of the kidney parenchjmia. 

If the blood pressure response to this amino acid is truly a measure of renal 
ischemia, it would be of considerable clinical importance. Before undertaking 
injections of this substance in other hypertensive disorders, it seem6d advisable 
to study the phenomenon further in the experimental animal. Schroeder (4) 
reported that normal rats also respond to dopa with a rise of blood pressure ; there- 
fore it was decided to utilize this animal for investigation. 

Results on normal rats. Blood pressures were taken at intervals of 1 to 5 
minutes on unanesthetized rats by the tail plethysmograph method of Williams, 
Harrison and Grollman (5) using a 25 mm. tail cuff. The injection of 3 mgm. of 
dopa intraperitoneally in 10 normal rats weighing 200 to 280 grams produced 
rises of 24 to 48 mm. Hg in the systolic blood pressure (mean = 32 mm.). Fol- 
lowing the injection, the blood pressure did not begin to rise for 5 to 8 minutes, 
reached its peak in 10 to 20 minutes and persisted for 10 to 30 minutes. Five 
milligrams were given to 7 rats, and produced greater rises ranging from 62 to 85 
mm. (mean = 61 mm.), but of the same duration. Doses of 8 to 10 mgm. were 
usually fatal. During the hypertension the animals became restless, moist and 
had rapid heart rates. 

1 Supported by a grant from the John and Mary Markle Foundation. 
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In three anesthetized rats with carotid cannulae attached to a Hurthle manom- 
eter, an intravenous injection of dopa produced the same characteristic response 
and the same rise, showing that the hypertensive effect is not concerned with the 
route of administration. The intraperitoneal dose per kilogram of body weight 
(10-15 mgm.) was similiar to the largest intravenous dose used on man by Oster 
and Sorkin, although the rises of blood pressure in the rat were higher. Several 
times this dose per kilogram has been given to normal cats or dogs with negative 
results. 

It seemed strange that the rat should show such a pressor response to 
this amino acid as opposed to the dog or cat unless the rat^s tissues contained more 
dopa decarboxylase. We have not, however, been able to detect this enzyme in 
any rat tissues, although we have demonstrated it readily in the kidneys of guinea 
pigs, rabbits, monkeys and man (6). Holtz and Credner (7) have recently found 
this enzyme in the liver and kidneys of rats, but in very minute amounts. 

Bilateral nephrectomy. Both kidneys were removed from five animals and 
their responses were tested one and two days postoperatively. The rise of blood 
pressure to 3 mgm. of dopa intraperitoneally was greater (mean = 41 mm.) and 
considerably more prolonged (over one hour) than in the intact animals. In two 
rats the blood pressure showed no tendency to fall after 2 hours, demonstrating 
that the kidneys are concerned with the destruction or elimination of the pressor 
substance, but are not essential for the pressor response. 

Adrenalectomy or hypophysectomy. Bilateral adrenalectomy was performed on 
five animals, and on the first to third postoperative day it was found that the 
response was abolished in all but one animal in which the injection produced a 
sharp rise followed by death. This was interesting in view of Blaschko's state- 
ment that dopa might be the precursor of epinephrine (8). We therefore re- 
peated the experiment in five animals, but this time the rats were given 1 mgm. 
of desoxycorticosterone daily for two weeks after the adrenalectomy in order to 
maintain them in good condition. All of these animals responded with rises of 
blood pressure characteristic of normal rats; so that the adrenal medulla is ap- 
parently not essential for the occurrence of this pressor action. Two rats also 
gave normal responses several weeks after total hypophysectomy. 

Hypertensive rats. Five rats were made hypertensive by a partial constriction 
of the left renal artery, and the systolic blood pressures stabilized between 150 
and 180 mm. (preoperative range 105 to 126 mm.). The injection of 3 mgm. of 
dopa produced the same responses as observed in normotensive animals. 

Related compounds. In an attempt to shed further light on the mechanism of 
this pressor response to 1-dopa, the action of catechol and chloracetocatechol was 
studied^. Both of these compounds produce pressor responses in the intact cat, 
although the chloracetocatechol is believed to exert its effect by stimulation of the 
medullary centers (9). An injection of 5 mgm. of catechol produced rises of blood 

* These compounds, as well as the 1-dopa were generously supplied by Dr. Gordon Alles, 
Pasadena, Calif. The dl-dopa was obtained from the Amino Acid Manufacturers (Dr. 
Max Dunn), Los Angeles. Fourneau 933 was given to us by Doctor Luduena of Stanford 
University School of Medicine. 



m 


ERNEST W. PAGE AI^D RACHEAL REED 


pressure of the same magnitude and duration as 3 mgm. of 1-dopa. Chloraceto- 
eatechol resulted in mixed responses, the rises in blood pressure being followed 
by sharp falls. Because catechol and its derivatives are organic reducing agents, 
the action of a totally unrelated reducing agent, acetaldehyde, was observed. It 
was shown by Nelson (10) that this substance hhs a pressor action on cats and is 
potentiated by cocaine. A dose of 3 mgm. (12 mgm./kgm.) produced an average 
rise of 47 mm., and 5 mgm. an average rise of 66 mm. The hypertensive effect 
did not begin for 23 to 31 minutes and persisted over half an hour. The char- 
acteristics of the blood pressure response were very similar to those which follow 
the injection of 1-dopa. 

Cocaine (20 or 40 mgm./kgm.) was given to 6 rats, and Fourneau 933 (10 or 20 
mgm./kgm.) to 3 rats, and after 30 to 50 minutes the response of the blood pres- 
sure to 1-dopa was determined. No alterations of the pressor response were 
noted. 

Optical rotation. Unfortunately, we have not discovered why 1-dopa raises the 
blood pressure. Is the amino acid itself a pressor substance in the rat, or is it 
converted to hydroxytyramine, sympathin, epinephrine, or some other catechol 
derivative? It was found that about twice the amount of dl-dopa must be in- 
jected to produce the same rise as 1-dopa on the same animal (12 expts.) . Is this 
because the d-form is not a pressor substance or because, as we already know, only 
the natural 1-form is enzymatically converted to the amine? That the two prep- 
arations contained within 10 per cent of the same amount of dopa per milligram 
was shown by comparing colorimetrically the yield of hallochrome and of melanin 
formed by addition of fresh potato juice to 100 gamma of each at a pH of 8.0. 

Perfusion experiments. The rise of blood pressure in unanesthetized rats fol- 
lowing the injection of hydroxytyramine (dihydroxyphenylethylamine) or of 
epinephrine is very short and totally unlike the effects of 1-dopa. Furthermore, 
the hind quarters of a rat, perfused with saline, show intense vasoconstriction to 
a minute amount of hydroxytyramine but not to 50 times the amount of 1-dopa. 
These observations suggest the possibility that 1-dopa might be converted to a 
related amine in vivo, but the fact that catechol and acetaldehyde in the same 
concentration produce identical responses, coupled with the apparent absence of 
1-dopa decarboxylase in rat’s tissues, speak against this view. The mechanism 
may be dependent upon the reducing properties of the catechol ring, or upon an 
ephedrine-like action in blocking those enzymes responsible for the destruction of 
epinephrine (11). 


SUMMARY 

The amino acid dihydroxyphenylalanine (‘‘dopa”), given intraperitoneally or 
intravenously in a dose of 12 mgm./kgm., causes a marked and sustained rise of 
the blood pressure of the rat. Similar rises are observed after hypophysectomy, 
or in renally hypertensive rats. Adrenalectomy abolishes the reponse initially, 
but not after the animals are maintained for two weeks with desoxy corticosterone. 
Bilateral nephrectomy enhances the magnitude and duration of the response. 

L-dopa differs in action from its corresponding amine (hydroxytyramine) both 
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in vivo and in vitro. It could not be shown conclusively whether 1-dopa exerts its 
pressor action by decarboxylation to a related amine, or by virtue of its reducing 
properties, or as a competing substrate for those enzymes which destroy epineph- 
rine. Catechol and acetaldehyde produce similar pressor responses in com- 
parable doses, while chloracetocatechol results in mixed responses. The natural 
1-dopa is twice as active as the dl-dopa. 

The blood pressure response of rats to 1-dopa cannot be used as a measure of the 
decarboxylase content of the tissues, nor as an indicator of intrarenal oxygen 
tension. Unless it can be shown that dopa has an entirely different mechanism 
of pressor action in man, it cannot be assumed that clinical responses tp its in- 
travenous injection bear any relationship to the functional state of the kidneys. 
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A hemorrhagic-hypotension procedure has been developed and standardized 
to the pxtent that it can be relied upon to induce an irreversible and hence a 
fatal shock state with reasonable consistency in barbitalized and chloralozanized 
dogs (1, 2). Utilizing this procedure, with modifications, similar studies were 
extended to dogs subjected only to local anesthesia (at operative sites) for several 
reasons, a. Hemorrhagic shock is clinically manifest in humans in both the 
anesthetized and unanesthetized state; hence, comparative information con- 
cerning animal reactions under local and systemic anesthesia should prove useful. 
6. On the basis of the reports of Andrews (3) and others, the suspicion has arisen 
that the development of shock in experimental animals may be facilitated if 
not actually eventuated by the employment of barbiturate anesthesias. Al- 
though the use of the latter when properly administered, is adequately defended 
in a recent review article (4), it seemed that a. comparative program of this nature 
might uncover additional pertinent information, c. In barbitalized dogs it 
is impossible to detect the onset of irreversible changes during the advanced 
stages of the hypotension period. It was hoped that this might be more readily 
recognized in the absence of general anesthesia, d, A program of advanced 
shock studies in locally anesthetized dogs could not be undertaken until the 
applicability of this shock producing procedure, previously standardized on 
barbitalized animals, was evaluated. 

Operative procedures were essentially negligible, consisting of cannulation 
of a femoral artery and vein after the area concerned had been anesthetized with 
novocaine. Blood was withdrawn into a Liquaemin solution.^ To circumvent 
the possibility of injecting large particles (clots) which might have formed before 
the blood and Liquaemin had been thoroughly mixed, all withdrawn blood was 
filtered through fine cotton gauze just prior to reinfusion. 

Series A . Experiments — Results and Discussion. The standardized technique 
recommended by Huizenga, Brofman and C. J. Wiggers (2) was followed in this 
series. In brief, an initial period of moderate hypotension (50 to 60 mm. Hg) 
was established by rapid bleeding and maintained for 90 minutes, usually by 
additional careful bleeding; thereupon a period of drastic hypotension (30 to 35 
mm. Hg) was induced and continued for an additional 45 minutes when pos- 
sible. Following these 135 minutes of hypotension, all withdrawn blood was re- 
infused. 

Thirteen dogs, under local anesthesia only, served as experimental animals 

^ We are indebted to Roche-Organon Inc., Nutley, New Jersey, for the Liquaemin used 
in thia study. 
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in this series. It was soon apparent that the recommended intensity and 
duration of hypotension was unnecessary. Premature deaths occurred in 3 
animals before reinfusion measures could be instituted. Only 2 dogs were 
permitted to endure the full 135 minutes of low blood pressure ; in the 8 remaining, 
the hypotension period was prematurely terminated in the late stages whenever 
cardio-respiratory failure seemed imminent. All 10 of these animals, never- 
theless, died shortly thereafter (see fig. lA). 

Blood pressures taken immediately after reinfusion were as follows: 55, 115, 
80, 115, 110, 90, 90, 85, 90 and 100 mm. Hg. Instead, however, of connoting 
a favorable prognosis, the reasonably satisfactory recovery of blood pressure 



Fig. 1. This depicts the variability in the length of survival of dogs submitted to 135 min- 
utes of moderate and drastic hypotension (group A) and of those subjected to a single 90 
minute period of hypotension at 40-45 mm. Hg (group B). 

merely masked the truly critical state which had already supervened. Shortly 
thereafter, the blood pressures declined rather rapidly until death ensued. It 
is reasonable to assume that the cardiac output also diminished rapidly during 
the post-reinfusion period, as has been demonstrated in barbitalized dogs under 
like conditions (5). 

The bleeding rate was rapid (50-75 ml./min.) until arterial pressure had de- 
clined to within 10 to 15 mm. Hg of the desired hypotensive level, whereupon 
the rate was greatly retarded. The latter accounts for the great variation in 
bleeding rate seen in table 1. The values for the net-total hemorrhage (table 1) 
include additional withdrawals and/or small reinfusions required to maintain 
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the established hypotension level. Since greater volumes of blood can be with- 
drawn without fatality from animals under local anesthesia than from those 
systemically anesthetized (6) we anticipated considerably greater hemorrhaging 
would be required to establish and maintain arterial hypotension of equivalent 
intensity in this series of animals. The net-total hemorrhage values reported 
for barbitalized dogs by Huizenga et al. (2), however, do not support such a 
contention. If any distinction were made, it would favor equivalent or smaller 
total-hemorrhages per kilogram of body weight in our dogs. Considering the in- 
dividual variability in total-hemorrhage values, it is easy to understand why ir- 
reversible shock can be reproduced with greater consistency in different animals 
by bleeding to establish and maintain low arterial pressure for a given interval 
than by bleeding a certain percentage of total body weight or of the presumed 
circulating blood volume. 

In further comparing our findings with those reported for barbitalized dogs 
(2, 5) under like circumstances, the following additional facts stand out: a. 
The dogs in this series were less able to withstand the 135 minutes of moderate 
and drastic hypotension; in fact, substantial reinfusions were required to sustain 
life in the advanced stages of hypotension in all but 2 dogs. ?>. '‘Precipitant^’ 


TABLE 1 



NET-TOTAL HEMORRHAGE ML./KGM. 

BLEEDING RATE TO ESTABLISH HYPO- 
TENSIVE LEVEL IN ML./MIN./KGM. 

Exper. scries 

A 

B 

C 

A 

B 

C 

Range 

16-64 

2^-64 

29-63 

i 

2.00-6.65 

1.35-4.60 

2.00-6.40 

Average 

36.5 

43 

45 

3.68 

3.05 

3.20 


shock deaths were more frequent in these dogs (70 per cent as against 40 per cent 
in Huizenga ’s barbitalized dogs), c. Again, the mortality in the latter was ca 
70 per cent, whereas in this investigation it was 100 per cent.^ d. The patholog- 
ical findings at autopsy seemed more intense and extensive than those observed 
by one of us in a similar series of experiments on barbitalized dogs (5). 

Chiefly on the basis of the above comparative findings, the following con- 
clusions are reached: a. The incidence of irreversible shock seems to be accel- 
erated and the condition more severe in the locally anesthetized as compared 
with the batbitalized dog. 6. The procedure utilized for producing shock is 
unnecessarily severe for animals under local anesthesia. 

The autopsy findings deserve special comment. In the 3 dogs which died 
prematurely in the advanced stages of hypotension, the intestinal mucosa, on 

* In personal correspondence, Dr. Samuel Middleton of the University of Chile relates 
that he repeated the moderate and drastic hemorrhagic -hypotension procedures on 4 barbi- 
talized dogs and that every one of them survived. It will be interesting to examine the 
percentage mortality when he completes his series of experiments. Huizenga, Middleton 
and one of us (HCW) collaborated on similar experiments when Middleton was in this 
country; hence, any dissimilarities in his results are probably not attributable to technical 
Viuiations. 
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gross inspection, appeared but slightly congested. Upon inspection under the 
microscope, however, the capillaries and venules were seen to be extremely 
engorged and every field examined contained numerous extravasated red cells. 
Presumably small amounts of plasma had also leaked out of the distended cap- 
illaries. There is little question that the capillaries had been irretrievably 
damaged. The absence of large amounts of bloody tinged fluid in the lumen 
is unquestionably related to the co-existent low arterial blood pressure. In 
this connection, it will be recalled that Fine and Seligman (7) failed to notice 
any acceleration of the disappearance rates of radioactive plasma proteins from 
the circulation in the untreated advanced stages of hemorrhagic-hypotension. 
Cardiac output was also quite stable during this phase in barbitalized dogs (5). 

When, however, the blood pressure is elevated by reinfusion after a protracted 
hypotension period (as in 10 of our dogs), the gut at autopsy not only revealed 
a grossly hemorrhagic mucosal wall, but was filled with fluid containing much 
free blood and probably all plasma constituents. These hemorrhages on occasions 
extended to the stomach mucosa, large intestinal mucosa and to the pancreas. 
Fine and Seligman similarly reported that any infusion in the advanced hem- 
orrhagic-hypotension state leads to an acceleration of the disappearance rate 
of plasma proteins from the circulation. It is reasonable to assume that the 
resulting increased blood pressure and blood volume are responsible for increased 
loss of whole blood through capillary walls whose integrity had been previously 
impaired. The progressive post-reinfusion diminution of cardiac output seen 
in barbitalized dogs was undoubtedly a^ociated with this great leakage of cells 
and plasma into the intestinal lumen and perhaps in other regions. 

Series, B, Experiments — Results and Discussion, The combination of moderate 
and drastic hypotension as previously designated proved unnecessarily severe 
for standard employment as a method of producing shock in dogs locally anes- 
thetized. The method was, therefore, modified and tested in IS dogs, using 
novocaine ^t the site of cannulation. Using essentially the same bleeding 
procedures, these animals were subjected to a single 90 minute period of hypoten- 
sion (40-45 mm. Hg) following which all withdrawn blood was readministered. 
The less strenuous demands of this procedure are indicated a, by the generally 
longer post-reinfusion survival times (compare fig. lA and IB) ; 5, by the reduced 
severity of pathological disturbances seen at autopsy, and c, by the fact that 
S dogs survived indefinitely as against no survivals in the A series. The method 
is, therefore, recommended as more favorable and more convenient for the pro- 
duction of hemorrhagic shock under these conditions. 

The arterial blood pressures immediately after reinfusion were as follows: 
50, 60, 65, 75, 75, 90, 90, 90, 95, 95, 110, 90 and 175 mm. Hg. The last 3 values 
were obtained in the survival dogs. Though the general level is decidedly 
lower than in the series A dogs, the post-reinfusion survival times were generally 
longer than in the previous series. Thus, the fallacy that blood pressures can 
serve as a criterion of the state of the animal in these conditions is again em- 
phasized. The net-total bleeding volumes were slightly greater than in the A 
series. 
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It was not possible, as had been hoped, to detect the onset of the irreversible 
changes which develop during the hypotension period. A definite physiological 
sign, however, was observed in the terminal portion of the hypotensive period, 
which does indicate that severe irreversible changes have developed. This 
indication was observed in all dogs in the A series and in the 10 non-survivals 
in this B series, as well as in barbitalized dogs under similar conditions (5). 
In this reaction, there is a persutent tendency for the blood pressure to decline 
spontaneously below the established hypotensive level; persistent in that blood 
pressure begins to fall again toward critical levels even though the hypotensive 
level be momentarily regained by repeated infusions of blood and/or saline. 
This reaction did not occur in the survival dogs. It must not be inferred that 
such a reaction always occurs when irreversible changes have developed (i.e., 
we have failed to recognize it in several shock animals of a later series). It 
is quite likely the sign would have appeared in the 3 survival animals and that 
these also would have succumbed in shock, had the hypotension period been 
slightly extended beyond the 90 minute limit. In fact, irreversible shock can 
probably be produced without fail if the hypotension period is continued until 
spontaneous and persistent reduction of blood pressure is recognized. It is 
important to recognize that whenever this reaction occurs, none of the remedial 
measures heretofore employed to treat hemorrhagic shock conditions can provide 
more than an apparent temporary benefit to the animal. Furthermore, it is 
useless and unwise to continue the shock producing procedure beyond this point. 

Apparently the 3 survival dogs were better endowed with compensatory powers; 
or perhaps the latter were more efficiently conserved during the initial stages 
of the hypotension period. It is significant that the blood pressure persistently 
tended to rise above the established level throughout the entire low pressure 
period, thus necessitating repeated withdrawals of blood. In addition, as re- 
vealed by specific gravity studies, the blood continued to dilute during most 
of the hypotension period; this did not occur in the non-survival animals, which 
may partially account for the better compensatory adjustments in the 3 survival 
animals. 

Series C. Experiments — Results and Discussion, This series of experiments 
was undertaken to determine the duration of hemorrhagic-hypotension of the 
intensity employed in B experiments which can be endured without the devel- 
opment of irreversible shock. As there is no known criterion to indicate the 
moment at ^hich total reinfusion will just save a given animal, the following 
procedure was adopted and tested in iO animals with only local anesthesia. 
With similar bleeding rates (table 1, series C) an arterial blood pressure of 40 
to 45 mm. Hg was established and maintained for an. abbreviated period of 60 
minutes, whereupon all withdrawn blood was reinfused. 

The immediate post-reinfusion blood pressures were definitely more satis- 
factory than in the A and B series (120, 140, 140, 125, 130, 160, 110, 115, 120 
and 150 mm. Hg). It is again pertinent to relate that the last value (150 mm. 
Hg) was obtained in the only dog of this series which did not survive. This 
animal died of shock, exhibiting the spontaneous decline of blood pressure just 
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prior to the completion of the hypotension period. His post-reinfusion survival 
time exceeded that of most A and B dogs and the typical intestinal and cardiac 
hemorrhages were present but mild. The remaining 9 animals survived in- 
definitely. 

Tn view of the high mortality in the B group and high percentage of survivals 
in this series (9 of 10), it seems that the irreversible state usually develops during 
the last 30 minutes of the 90 minute hypotension period. In most instances, 
it appears to have become recognizable within the last 15 minutes of this period. 

It is possible that the hypotension period might be slightly extended beyond 
60 minutes with the expectancy of many survivals; the 60 minute period, however, 
is sufficiently severe to permit the evaluation of the efficiency of various blood 
and plasma substitutes in severe hemorrhagic conditions when administered 
in place of or along with withdrawn blood at the end of the hypotension period. 

Discussion. It is claimed by Moon and his co-workers (8) that hemorrhaged 
animals do not die of shock but rather from moribund or comatose conditions 
which develop as a result of hemorrhage. In reference to this, it is pertinent 
to relate that none of the series A or B dogs were either moribund or comatose 
until the dying moments late in the post-reinfusion period. Even in the advanced 
stage of hypotension, reflexes were decidedly active and, in general, the dogs 
re^sponded to manipulations designed to attract their attention. Those which 
did not succumb prematurely appeared to be in reasonably good physical con- 
dition when released from the supine position; in fact, some wei’e amazingly 
energetic. From their general attitude, it was usually impossible to predict 
which would or would not survive. However, it was assumed that those which 
had exhibited the spontaneous decline of blood pressure in the hypotension period 
and which had vomited and/or passed bloody fluid fecal material would not 
survive indefinitely. Predictions based upon these criteria proved correct in 
every instance. 

In further disclaiming that shock can be produced by uncomplicated hemor- 
rhagic procedures. Moon (8) differentiates between (conditions observed in shock 
dogs which he failed to recognize in hemorrhaged dogs. It is interesting that 
most of his differentiating shock characteristics were common to our hemorrhaged 
dogs. To mention a few: a, the intestinal (capillary endothelium was undoubt- 
edly rendered permeable to colloids; 5, pulmonary edema was noted on occasions; 
c, diarrhea (bloody) and vomiting were common occurrences; d, blood reinfusions 
w^ere rarely effective; c, blood specific gravity, though initially reduced, began 
to increase before reinfusion was instituted and greatly surpassed control values 
in the post-reinfusion period ; /, severe capillovenous congestion was an obvious 
feature; petechiae in intestinal mucosa were alw'ays jincsent and frequently 
so in the heart and in various skeletal muscular regions, and finally /i, visceral 
ischemia was nev'^er noticed. Though admittedly naive to assert that shock 
always prevails wdien dogs succumb to large hemorrhages, it is important to 
recognize that uncomplicated hemorrhages can readily precipitate conditions 
in which all the essential complications of shock are present. 
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It is generally accepted that the cardiac slowing which follows the injection 
of epinephrine is due to a vagus action. Whether it is a depressor reflex from 
the aortic arch and the carotid sinus or is the result of the direct action of the 
drug on the vagus center, it is certain that this vslowing is absent when the vagus 
nerve is cut (1,2). In newborn animals the central control of the heart by the 
vagus is absent for 12 to 15 days after birth (3, 4, 5). Furthermore, tonic 
vagus excitation is absent until the puppy opens his eyes (5) and cardiac re- 
flexes from stimulating the carotid sinus, aortic arch and upper laryngeal region 
remain undeveloped for some time. These considerations led to the expectation 
that epinephrine bradycardia would be absent in the newborn. 

In adults-large doses of epinephrine lead to death within a few minutes ((), 7, 
8, 9). This action is said to be due to a tonic stimulation of the drug on the 
vagus center (10). The newborn animal is very resistant to histamine (11, 12) 
and it is generally accepted that shock-producing agents are less effective in 
the newborn than in the adult. These considerations lead to the idea that 
the newborn may be more resistant to large doses of epinephrine than is the 
adult. 

The purpose of the present study, therefore, is to ascertain the peculiarities of 
epinephrine action on the cardiovascular system of very young animals. 

Methods. The investigation was carried out on puppies during the first 
90 days post partum and on rabbits during the first 40 days. Parallel control 
experiments were done on adult animals. In all, 75 experiments were done 
on dogs and 58 on rabbits. All injections were made into the external jugular 
vein. The puppies’ blood pressures were recorded with a mercury manometer 
from the carotid artery. These animals were under ether. The rabbits were 
not narcotized. Their heart beat was visualized by thrusting a needle thiough 
the thoracic cage into the heart wall. The heart l)eat and respirations were 
recorded with a signal magnet. The animals were brought to autopsy with 
careful control of lu^g changes. Microscopic observations were made in the 
laboratory of Prof. F. I. Pojarisky by Dr. R. V. Erleksova, to whom we are 
grateful for her data on histological control. The epinephrine used came from 
the Moscow Factory for Endocrine Preparations. 

Experimental results. Preliminary experiments on adult dogs confirmed 
the generally accepted idea as to the vagal origin of cardiac slowing after epi- 
nephrine. When small doses of epinephrine (12.5m g./kilo) were administered 
to puppies the heart speeded up and the blood pressure rose (see fig. la). A 
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slightly larger dose (25/x g./kilo) gave rise to a inarkcMl bradycardia accompanied 
by a rise in blood pressm-e (fig. lb). This last finding is contrary to the results 
of Tlii('le (13) who denies that epinephriiK* may product' bradycardia in very 
young animals. 



Fig. 1. Tlio (‘fF(‘ct of ail injection of (‘t)in(‘phrine on tlie Flood pressure of a 6 day old 
])uppy \v(Mghing 400 grains, (a) Tachycardia with a rise in blood pressure aft,(‘r injecting 
12.5 inicrograins per kilo, (b) Bradycardia witli ris(‘ in blood pressure after injection of 
25 inicrograins per kilo. 



Fig. 2. h:ffect of a large intravenous injection (0.43 ingin. per kilo) of epinephrine on a 6 
day old iniptiy weighing 350 grains. 


Wlicn the (lo.se of epinephrine is increas('cl (0.43 mgni./kilo) bradyeardia is 
sufficiently marked to prevent the rise in the blood pressure seen with smaller 
do.ses and even tcj prodviee a prompt fall in the arterial tension (fig. 2). 

Since the cardiac slowing often occurs without any preliminary rise in arterial 
jjressure it .seems doubtful that the slowing could be du(( to the stimulation of 
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reflexes from the carotid sinus and aortic arch. To make this point sure the 
experiment was repeated on puppies whose vagi had been cut. Bradycardia 
ensued in all cases (see fig. 3) and in many cases the records after the vagi 
were cut were exact replicas of those obtained before the vagi were cut. It 
is clear then that the bradycardia produced in very young animals by epinephrine 
is not due to a reflex through the vagus as is the case in the adult. 

It has been shown that the perfused heart of the puppy responds to epinephrine 
as does the perfused heart of the adult, with an increase in rat(^ and strength 
of beat (16). It is clear then that the action of epinephrim^ to produce brady- 
cardia in puppies is not due to its influence in stimulating the vagal endings 
within the heai t as has been said (14, 15). 

It has already been reported (5, Ki) that the sympathetic system has a very 
strong tonic activity in young puppies and that sympathcH'tomy gives rise 
to marked slowing of tlu' heart and to a disappearance of epinepliriiu' bra(ly(*ardia. 



Fij^. 3. Kff(‘ct of a large intravenous dose of eianeplirine (2.6 ingm. per kilo) on a 6 day 
old pupp\' weighing 380 grains after both vagi had Ixmui eut . 

The evidence' points to the idea that the sympathetic innervation of the heart 
is responsible for epinephrine bradycardia. Small doses of (epinephrine in- 
crease the sympathetic action upon the heart giving rise to acceleration. Large 
dxjses inhibit sympathetic action upon the heart and leave the heart to beat 
by a rhythm (Originating in the heart, uninfluenced by sympathetic accek'rating 
influences. The manner in which this inhibition (xaairs is best understood in 
terms of the concept of the Wedensky-ITkhtonsky school. Peripheral volleys 
to the heart are cut off through over-excitation of the sympatheti(; neurones. 

This reaction can be thought of as expedient in the sense that it prevents 
an undue rise in blood pressure in the same manner as do the carotid sinus and 
the aortic arch reflexes which are absent at this time (17, 5, 18). It may have 
a similar function to the lung release reflex (19, 20). 

With moderate doses (2-5 mgm./kilo) the reaction is reversible and the 
animal usually survives. Doses larger than 4 mgm. per kilo usually give rise 
to death through '‘epinephrine shock”. The immediate symptoms are a slow 
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heart (60-40 beats per min.), a slow respiration (2-3 per min.) and a very low 
blood pressure (20-30 mm. Hg) (fig. 4). Death does not ensue until 30 to 90 
minutes after the injection. This is in contrast to the almost immediate death 
which occurs in the adult from an overdose of epinephrine. The (‘our.se of 
exitus is not very different from that described for anoxic shock in the newborn 
( 21 ). 

If small doses of epinephriiu' are administered during the early develojirnent 
of epinephrine shock, there results a hunporary rise in blood pressure (Hg. 5). 


-pirjTVViiTV'j'V 'Jririi-irvvvr \ •. ,i ; .' ■ : i ru :j . 


Fig. 4. KfTi'ct of a ina.ssivo dost' of (ov(‘r 4 mgin. p(‘r kilo) giving ris(' 1o a slow 

hoar! and a d('clin(‘ in lilood prf'ssnro loading to doatli in 30 to !)() ininutf's ((‘pinophriiH* 
shook ) . 


ryyv |rini U J/IJ arirv-u-irinni ifji Vllnnrv^l■nnn^ XJ^r^rv-u ^rvv~lrlru^ uTTTrirwTnnnr inr in/T| 


Fig. 5. h]ffoof of .T small dose of opinephrino given shortly after production of epi- 
nephrine shock. 

This response is (‘iitirely altseiil if the same dose is given 10 to 20 minutes after 
the initial injection. “Epinephrine shock” is interpreted as a sympathetic 
paralysis involving the cardiac and vasomotor nerves. The slow heart beat 
continues from an autonomic rhythm. 

The reactions of rabbits are similar to those of dogs. Small doses of epineph- 
rine caus(^ acceleration wliereas larger doses cause a short stoppage of the 
heart followed by a resumption of beat at a slow rate. As in the dog the re- 
action is entirely independent of the vagi and is similar to the reaction which 
is seen in young rabbits when the head is strongly compressed (22). The latter 
is an inhibition of sympathetic activity, probably of the Wedensky type. 
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The action of epinephrine on the young rabbit is reversible with doses of 
of 0.5 to 5 mgm. per kilo but it is irreversible (epinephrine shock) with doses of 
5 to 10 mgm. per kilo. With doses of this size death ensues in 30 to 180 minutes. 
It takes doses of 20 to 30 mgm. per kilo to kill the young rabbits as cpiickly as 
0.4 mgm. to 1 mgm. per kilo will kill the adult (i.e., within 2-3 min.). 

One of the important findings in adult rabbits that have died from epinephrine 
overdose is pulmonary edema (23 and 24). (kareful examination of the lungs of 
very young rabbits which have died after large doses oi epinephrine has failed 
to demonstrate edema. The tissues of the lungs are capable of becoming 
edematous because lung irritant gases will produce typical edema (25). Ihe 
reason that epinephrine fails to produce cnlema seems to be that the rapid initia- 
tion of bradycardia in young rabbits prevents the distention and congestion of 
the vascular bed of the lung and heiu^e prevents edema from the filtration of 
fluid out of the pulmonary capillaries. 

SUMMARY 

Puppies less than 45 days old whose vagus centers show iKuther tonic activity 
nor reflex excitability respond with cardiac acceleration to small doses and 
cardiac slowing to large doses of epinephrine. Ihippies and young rabbits show 
thes(^ responses after section of both vagi but the slowing does not occur after 
sympathectomy (16, 5). Epinephrine bradycardia is through sympathetic 
innervation in very young animals. 

Epinephrine^ brady(*ardia is reversible if the dose is not too large. If th(‘ dose 
exceeds the fatal dose foi- adults by eight to ten times, the young animal will 
die in 30 to 180 minutes. 14eath in 2 to 4 minutes, cliaracteristic of the adult 
rabbit, occurs in the young rabbit only if the dose is 20 to 30 times the lethal 
dose for the adult. 

Young rabbits do not show lung edema after epinephrine as do adults, though 
it may be produced in the young rabbit by lung irritants. 
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small in comparison with the changes in volume that occurred with anoxia. 
These are shown in the segments on the right side of X which marks the beginning 
of rebreathing. The extent of the maximal expiratory increase in volume in this 
experiment was 67 cc. Maximal increases in five representative experiments 
including this one are given in table 1 . 

In four of these five experiments a fair degree of uniformity is apparent, all of 
the increases being within the range of 60 to 71 cc. The animal with a smaller 
increase was more deeply anesthetized. The oxygen threshold for the chest ex- 
pansion (increased inspiratory tonus) reaction varies between about 16.5 and 12.5 
per cent with an average and mode at about 14 per cent. 

The pattern of breathing with a diminishing oxygen supply differs in different 
animals, but the changes have some common features. Figures 2A and 3B show 
some of the variations. In 2A there was no great change in depth or frequency 
until the oxygen content of the inspired air reached levels below 10 per cent. 
Below this there was a progressive increase in rate. At the lowest O 2 content, 
7.4 per cent, the respiratory frequency showed a 75 per cent increase over the 

TABLE 1 


Maximal extent of increase in expiratory volume of cats in anoxia 


EXPT. 

WT. 

INCREASED VOL. 


kgm. 

CC, 

1 

2 

47 

2 

2.5 

60 

3 

2.5 

71 

4 

1.9 

70 

5 

2.4 

07 


control frequency and the depth had decreased by about 10 per cent. The pat- 
tern in figure 3B differs in that it shows an intermediary stage of very deep 
breathing. Following this the respiration became rapid and shallow, the rate 
becoming three times that of the control while the depth was diminished to one- 
half that of the control or less. 

The r6le of the vagus nerves in the expiratory volume increase in response to 
anoxia was studied by recording the volume changes in rebreathing trials before 
and after sectioning the vagi. Figure 2A was recorded before vagotomy and 
figure 2B after vagotomy. The lowest oxygen percentages in the two trials are 
comparable, 7.4 per cent before and 7.8 per cent after sectioning the vagi. In 
this experiment the amount of expiratory volume increase after section of the 
vagi was 17 cc., as compared with 67 cc. before vagotomy. In the other two 
similar experiments, also, the amount of expansion after vagotomy was between 
one-fourth and one-third of the amount recorded in the initial trials with vagi 
intact. In control experiments with the vagi left intact two successive trials 
have iiroduced expansions that were approximately equal. The vagal afferent 
liters, therefore, appear to have a predominant part in the chest .expansion reac- 
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tion in the cat. In the dop;, as will be shown later, the vagus is even more 
completely in control of this reaction. 

The effects of exc(\ss carbon dioxide upon th(* (‘xpiiatory chest volume in cats 
vary with the amount of ( >2 presiTit. These variations are shown in figures 3 and 
4. Before' beginning the trial in figure 3A some ('xtra oxygen was added to the 



Mgs. 2, 3 jiiid \. Volume cliaiiges in (he ea‘. . 

2A. Hel)reathing air bc'lwtam .V and Y, ( 'Oj ahsorlx* 1. J^naamt agc's of oxygen indieateil 
below. Intervals b(*( ween segments of reeord, 15 minutes. Timesigmd, .‘Mseeonds. Base 
liiH* corrected for tempera! urc' change's. 2B. \’agus m'rves cut. Ke'breathing re|)eated as 
in 2A. 

3A. Small excess of O 2 (about 25])ercent at end). Accumulating (Xb whose i)ercent ages 
are indicated below. 31V Same animal rebr(*athing air, ( X)j absor})ed. Xumb(*rs in white, 
above, give the interval in minutes since the preceding segment . Unmarke'd intervals arc 
15 minutes. 

4.\. Accumulation of (X )2 in the presence of a very large excess of 02. IB. Simultaneous 
reduction of O 2 and accumulation of (Xlj. 

air of the spirometer but not a large excess. An increase' in expiratory chest 
volume began when the COo in inspired air was between 4.8 and 6.9 pcT cent. 
The (>2 content was about 25 per e^ent.^ Figure 3B, made' late'r, shows the same 
animal’s expansion thresholel (about 12 per cent O 2 ) and subsequent response to 

•‘The Henderson-Orsat apparatus is not calibrated for accurate determination when 
absorptions arc as great as in this case, but a close approximation could be obtained. 
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reduction of oxygen tension without excess COo. Figure 4 A shows the response 
to an accumulation of CO 2 in the presences of a large excess ot (>2 (near 100 per 
cent at beginning). There was no increase in expiratory chest volume even at 
9.1 per cent CX )2 in inspired air. Before the second trial with this animal (fig. 4B) 
the rebreather tank was filled with air, and during rebreathing there was simul- 
taneous diminution of ()2 and accumulation of (XJ 2 . In this case there was an 
increase in expiratory chest volume beginning, certainly, during the second fifteen 
minutes (3.2 per cent CO 2 and 18.4 per cc'iit O 2 ) if not earlier. Tliese two experi- 
ments (figs. 3 and 4) appear to mean that the stimulus of hypercapnia, of itself, 
do(^s not produce an increase in expiratory chest volume, but that it does increase 
the sensitivity of the mechanism that responds to low (>2 tension. It sensitizers 
the mechanism to such a degree that it becomes active at normal atmospheric O 2 
tensions and somewhat higher. XXk' conclusion that a normal atmospheric ten- 
sion of (>2 should excite this reaction when sensitized by CO 2 loses its surprise 
when it is remembered that a tonic chemoreceptor respiratory drive at nonnal 
atmospherie! ()2 levels has been reported by Watt, Dumkeand Comroe (11) and by 
Bernthal and We^eks (1). 

Dogn. The expiratory circumference e)f the the)rax of the dog weighing 8 to 10 
kgm. has been found to increrase under the stimulus of anoxia by a maximum of 10 
to 16 mm. at a level 2 in. abe)ver the inferie)r ernd of t he sternum. Figiinr 5 graphi- 
cally repn^sents the changes that o(*curred in thrc'e trials on the samcr animal. 
The curves marked Anoxia I and Anoxia II, made before any were in- 

terrupted, show girth increases of 12 and 14 mm. respectiv^ely. 

During CX )2 hyperpnea in dogs no increase in (expiratory girtli was found. At 
the height of the hypcTpnea, with powerfully foi*ced expirations, thei'e was a 
decrease in (‘xpiratory girth by about 3 or 4 mm. R(Mlu(‘tion was report chI by 
G(\sell and Moyer (3) also. 

Vagotomy totally eliminated the expii*atory girth increase response^ to anoxia 
in dogs. In four anoxia tests following vagotomy expiratory girth nanained un- 
changed in two, and diminished by 2 to 4 mm. in the others, one of which is shown 
in figure 6. The expiratory girth r(\sponse to (Xls is left unchanged by vagotomy. 

A t(xst of the role of the carotid chemoreceptors in the inci('as(‘d inspiratory 
tonus response, and a confirmation of the necessity of the vagi are shown in figure^ 
5. The animal, with carotid nerv(\s and vagi intact but expos(‘d, rebnuithed tlie 
O 2 of the respirator down to 8.7 per cent (curve amrxia I). Tlu' ('xpiratory girth 
increased by 12 mm. After a 30 minut(‘ recovery period on air tlie r('breathing 
test was repeated (curve anoxia II). Th(' oxygen of the tank was l)reath(‘(i down 
to 9.8 per cent, and this level was maintained by adding () 2 . The expiratory 
girth had then increased by 14 mm. While the animal continued breathing 9.8 
per cent O 2 , procaine solution was applied to Bering’s nerves. The enlarged 
chest volume remained unchanged though the respirations l)ecame faster and 
shallower. Then Hering’s nerves were crushed (at the point marked H.N.), 
whereupon respiration stopped. The animal was returned to air and revived by 
a short period of artificial r(^spiration. After a rest of another half-hour on air, 
rebreathing was again repeated {-Heriiufs n. anoxia III) with an expiratory girth 
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increase about as great as before. At 10.4 per cent O 2 tlu^ increase was 12 mm. 
The trial was terminated at this point by sectioning th(' vagi. The circumference 
immediately dropped back to the (control size, again demonstrating that the af- 
ferent fibers of the vagus nerves are necessary to th(‘ inspiratory hypertonia in the 
anoxic dog. Th(' difference between the shape of the third curve and that of the 
other's mn.y or mn,v not have resultc'd from the elimination of the carotid r(x*('ptors 



Fig. 5. (Granges in the circumference of the dog’s thorax resulting from anoxia. Modifi- 
cations by crushing Hering’s nerves and section of the vagi. 

Fig. 6. Hog’s chest circumference after vagotomy. Effects of anoxia and of hyper- 
capnia. 

It could be fortuitous or could have nxsulted from the effect of tw o previous anoxic 
trials upon sensitivity to lesser degrees of anoxia. 

Discussion. The experiments reveal that the degi*ee of maintained in- 
spiration, or enchanced inspiratory tonus in anesthetized animals under the 
stimulus of anoxia may amount to three times the depth of a normal inspiration. 
I'pon this large maintained contraction the animal superimposes his respiratory 
movements. There is evidence that the human chest also enlarges with acute 
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anoxia (5) and the findings of Hurtado et al. (9) that total capacity and residual 
air are increased, fit in with this concept. Their finding of diminished vital capa- 
city may be related to the neuromuscular strain of maintaining the enlargement. 

When the anoxic stimulus is sufficiently great in the cat, dog, or man (6, 8), the 
respiratory movements become shallow and rapid. The shallowness of inspira- 
tion probably is due to the obvious difficulty of adding a new inspiration to an 
already deep maintained inspiration. Haldane (0) reasoiK'd that respiratory 
fatigue caused the short breaths, but the maintenance of a high degree of inspira- 
tory contraction could logically account for the sliortness of breaths and the 
fatigue. 

Monge (10) mentions the importance of respiratory training to people at high 
altitudes. Native Andeans stoj) at short intc'rvals to tak(' a few de(^p Ijn^aths, 
th(‘n continue on thc'ir way with a load the white man would find difficult at low 
altitudes. If thc^ anoxic ('iilargc'nKmt of the human chest approachc's that found 
in th(' animals, it A\'ould seem to follow that a logical way to increase the respira- 
tory (‘xchange and to r(4ieve the tension on the inspiratory musculature w ould be 
to exhale more compk'tely. Th(' formation of a habit of forcing ('xpii-ations 
should be a gr('at lu4p. 

The experiments liave shown that an (\xc(\ss of C ()2 in tlie oxygtai deficic'iit air 
does not pre\'ent the increase in expiratory chest volume, 1)ut it does greatly in- 
crease th(‘ minute volume of n^spiration. Foi* this and other n^asons r('vi(wv(Hl by 
(iibbs el al. (4) COo improves the oxygenation of the tissues wlieii the (>2 t(‘nsion 
in inspired air is low*. However, there is evid(‘n(*(‘ that th(‘ addition of i'ih at tlu' 
expense of 02 in a mixture' does not increase' alve'e>lar ( >2 (1 2). 

Hurtado et al. anei othei’ investigators whom the'v e*ite' (9) have founel dilatation 
of the alvee)lar spaces, w ielening of the lung capillaries anel an e'mphysematems 
appearance of the lungs in animals subje'e*teel to anoxemia. They cemside'i’ the'se^ 
dilatations toge'the'r with the increase in residual aii* as being important ce)mpensa- 
tory adaptive mechanisms. De)ubtless this vie'W’ is correct if life' uneler anoxic 
conditie^ns is continued long enough for adaptatiems te) inatuiv', but in the' ae*ute 
stage the difficulty erf inspiratiem may more than offset the' aelvantages of larger 
volume and larger diffusion surfaces. 

SUMMARY 

Methods for plethysmographically recoixling the volume changes in the^ cat, 
and ferr measurifig the chest circumference of the' eiog during procedures affecting 
respiration are described. 

During the reduction of ( >2 content of inspired air from that of the atmosphere 
to about 8 per cent by rebreathing the volume of the' cat’s chest at the end of ex- 
piration increases by about 60 to 70 cc. This is three times the volume of a nor-- 
mal inspiration. During a similar diminution of (>2 in the inspired air of the dog 
a proportionate increase in expiratory circumference of the chest occurs. 

After vagotomy the anoxic increase in expiratory volume in the cat is about 
one-third as great as with the vagi intact. In the dog vagotomy totally 
eliminates the anoxic chest expansion. Crushing the nerves from the carotid 
chemoreceptors has little or no effect upon the reaction. 
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Hypercapnia appears to sensitize the animal to the low O2 chest expansion re- 
action, but in the presence of a large excess of O2 accumulated CO2 does not pro- 
duce an increase in the expiratory volume in cats or dogs. In some animals there 
is a small reduction in chest volume when the expirations become forceful. 

The human expiratory chest volume has been shown to enlarge during dyspnea. 
The suggestion that respiratory training to exhale more completely may be valu- 
able to people at high altitudes is briefly discussed. 
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Previous reports have[indicated that as a result of successive periods of fasting, 
obese individuals show a metabolic adaptation to this stress by a decreased urine 
ketone and nitrogen excretion (!)• Somewhat similar results have been obtained 
in the dog (2). This paper will report experiments designed to study this adap- 
tation in greater detail in fasting young men doing hard work. Physiological 
and psychomotor tests were included to determine whether this adaptation is 
sufficiently far reaching to influence performance. The data were obtained on 
four young men who carried out five successive fasts. For the purpose of the 
present discussion it will suffice to consider the first and fifth fasts. 

Conditions. The detail schedule is presented in table 1. Total caloric ex- 
penditure during the first day of fasting amounted to approximately 4500 calories, 
4000 on the second, and 2000 on the third. Work was performed on a motor- 
driven treadmill at 3.5 m.p.h. and a 10 per cent grade. This rate of work results 
in an average expenditure of 550 calories per hour in our subjects. 

The men were on a carefully planned diet for 3 weeks before each fast. This 
diet contained 460 grams of carbohydrate, 90 grams of protein, 150 grams of fat 
and was adequate according to N.R.C. standards in vitamins and minerals. 

The first fast occurred in June and the fifth in October. The time interval 
between the five successive fasts was five to six weeks. The men maintained a 
standard state of physical condition by walking an hour and a half a day on the 
treadmill and performing occasional brief runs to ‘‘anerobic’’ exhaustion during 
the interim periods. Before each fast, the work done was increased until 4 hours 
of daily work was performed for two days before the fasting period. 

All work was carried out in an air-conditioned suite at 74 to 78° F. and 50 per 
cent relative humidity. Standard clothes were worn during all observations. 

Observations. Pulse rates were counted five times during the last 10 minutes 
of each one-hour work period. Expired air was collected for 20 minutes at rest 
each morning, and during each one-hour work period when 500 liters of expired 

1 The work described in this paper was done under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development 
and the Regents of the University of Minnesota. Important financial assistance was also 
f)rovided by the Nutrition Foundation, Inc., N. Y., the National Dairy Council, Chicago, 
the U. S. Cane Sugar Refiners* Association, N. Y., the Corn Industries Research Founda- 
tion, N. Y., Swift and Co., Chicago, and the National Confectioners* Association, Chicago. 
Merck and Co., Inc., Rahway, N. J., provided a supply of pure vitamins. Food materials 
were supplied by the Subsistence Branch, Office of the Quartermaster General, U. S. Army. 
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air were collected during the last 15 minutes and blood for sugar determinations 
was drawn during the last 5 minutes. Twenty-four hour urines (starting at 7:00 
a.m.) were collected during the first and second day for urinary nitrogen and 
ketones. 

The battery of psychomotor tests consisted of four tests of speed and co-ordi- 
nation carried out while the subject was walking on the treadmill, and two tests 
of muscular strength. 

Methods. Expired air was collected with a Krogh type respiratory valve and 
a compensated gasometer. Gas was analyzed by the direct Haldane method. 
Pulse rates were counted with a stethoscope. Blood sugar was determined by the 
method of Folin (3) using cadmium hydroxide as the precipitating agent. Lac- 
tate was determined by Edwards’ (4) modification of the method of Friedemann 
and Cotonio. Blood acetone was determined by the method of Barnes and Wick 
(5). Urine acetone was measured by the method of Van Slyke (6) and nitrogen 
by the method of Keys (7). 

Pattern tracing was used to test eye-hand co-ordination. A visual choice 
reaction served as a measure of the speed of gross body movements. The ball- 
pipe test measured speed and co-ordination of aim and hand manipulations, and 
two-plate tapping test was used as a measure of simple hand speed. Strength 
was determined by standard hand and back pull dynamometers. 

In the pattern tracing test, speed of movement of the stylus through the pat- 
tern was held constant. The measurement consisted of the numb(;r of contacts 
on the side of the pattern and their total duration in units of 1 /12()ths of a second. 
In the reaction time test the subject, walking on the treadmill, turned off signal 
lights by tapping one of the two prescribed telegraph keys located 18 inches from 
the floor of the treadmill. A gross body movement is involved in bending over 
and striking these keys. The time score in /o of a second is the average of 50 
reactions. The ball-pipe test has been described elsewhere (8). Tapping was 
done with a stylus alternating between two plates which were separated by a 
small barrier to prevent artifacts due to muscle tremor. The score represents 
the number of taps made during the last ten seconds of a 30-second period. 

Results. The essential metabolic data are given in tables 2 and 3. It will be 
noted that during the second and third days on the fifth fast the men worked with 
a significantly higher blood sugar (see table 6). This was accompanied by a 
lower blood acetone on the evening of the second day and morning of the third 
day. The urine acetone on the second day of the fifth fast was lower and the 
urinary nitrogen slightly higher than on the fii*st fast. Table 4 gives the work 
pulse and ventilation rates. In the fifth fast the men showed a slight improve- 
ment in pulse rate during the first day and a definite improvement in ventilation 
rate during the second and third days. The blood lactates after anerobic work 
showed no change between the two fasts. Blood ketone levels decreased 2.3 mgrn . 
per cent after the 10-minute run on the morning of the second day and rose an 
average of 3.8 mgm, per cent after an hour’s rest. There was no difference in these 
changes after 5 fasting periods. 

The glucose tolerance test at the end of the foisting period showed a slightly 
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increased ability of the men to regulate the blood sugar level since the average 
two-hour blood sugar was 16 mgm. per cent lower on the fifth fast as compared to 
the first fast. Three of the 4 men showed blood sugars at this time which were 
13 to 28 mgm. per cent less on the fifth than on the first fast. 

TABLE 1 

Schedule of 2J day starvation experiments. Only those periods are listed in which 
work was performed or observations taken. “Work** refers to walking on a motor-driven 
treadmill at 3.6 m.p.h. and 10 per cent grade; “anerobic work** refers to a 76 second run 
at 9 m.p.h. and 3.6 per cent grade; “heavy work** refers to running at 6 m.p.h. and 6 per 
cent grade. 


DAY 

TIME 

ACTIYITY 

OBSERVATIONS 

I 

7:30- 8:00 a.m. 

Rest 

B.M.R. Blood for ketones, sugars and 
hemoglobin 


8:00- 9:00 a.m. 

Work 

R.Q. blood sugar and hemoglobin 


9:15-9:30 a.m. 

Work 

Psychomotor battery 


10:00-11:00 a.m. 

Work 

R.Q. blood sugar and pulse 


12:00- 1:00 p.m. 

Work 

R.Q. blood sugar and pulse 


2:00- 3:00 p.m. 

Work 

R.Q. blood sugar and pulse 


3:00- 3.'15 p.m. 

Rest 

Blood for ketones and lactate 


3:17 p.m. 

Anerobic work 

Blood lactates at 12 and 30 min. recovery 


4:30- 4:45 p.m. 

Work 

Psychomotor battery 

II 

9:15- 9:46 a.m. 

Rest 

1 

B.M.R. Blood for ketones, sugars and 
hemoglobin 


9:50-10:00 a.m. 

Heavy work 

Blood ketone at end of work 


10:00-11:00 a.m. 

Rest 

Blood ketone one hour after work 


11:00-12:00 p.m. 

Work 

R.Q. blood sugar and pulse 


12:15-12:30 p.m. 

Work 

Psychomotor battery 


1:00- 2:00 p.m. 

Work 

R.Q. blood sugar and pulse 


3:00 4:00 p.m. 

Work 

R.Q. blood sugar and pulse 


4:00- 4:30 p.m. 

Rest 

Blood for ketone and sugar 


4:30- 4:45 p.m. 

Work 

Psychomotor battery 

III 

8:30- 9:00 a.m. 

Rest 

B.M.R. Blood for ketones, sugars and 
hemoglobin 


9:00-10:00 a.m. 

Work 

R.Q. blood sugar and pulse 


10:15-10:30 a.m. 

Work 

Psychomotor battery 


10:3010:45 a.m. 

Rest 

Blood for lactate 


10:45 ' a.m. 

12:15 

Anerobic work 

Recovery blood lactate at 12 and 30 min. 
Glucose tolerance 

Blood sugars at 1 and 2 hours 


Table 5 presents the results of the psychomotor tests. The back lift and hand 
dynamometer results are not tabulated since no difference was observed between 
the two fasts. These measurements of simple strength are remarkably resistant 
to change in acute starvation. Statistically significant improvements, as com- 
pared with the first fast, occurred in the fifth fast in reaction time and pattern 
tracing. The statistical analysis is presented in table 6. The other two tests 
showed a trend toward improvement. 
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Individual differences and discussion. Individual differences in response 
during starvation occurred both during a given fast and between the two fasting 
conditions presented here. The variability of response to a single fast will be 

^^ABLE 2 


The comparison of the average results on the R.Q., blood sugar during work and blood 
acetone during rest obtained on four men doing hard work during the first and last of 
five successive fasts. 




DAYS OF FASTING 

VARIABLE 

NO. OF 


1 


1 


2 

1 

3 

FAST 

Work Period* 



1 

2 

- 

4 

1 

2 

3 

1 

II. Q. in work 

1 

0,86 

0.83 

0.82 

0.70 

0.75 

0.76 

0.75 

0.74 

5 

0.82 

0.80 

0.70 

0.80 

0.73 

0.74 

0.74 

0.73 


A 

-0.04 

-0.03 

-0.03 

-fO.l 

-0.02 

-0.02 

-0.01 

-0.01 

Blood sugar in work 

1 

75 

78 

75 

71 

49 

44 

43 

56 


5 

70.0 

76.0 

77 

75 

63 

56 

61 

64 


A 

-5 

— 2 

-j-2 

4-4 

4-14 

4-12 

4-18 

4-8 

Blood acetone in rest 

1 




1.0 

14.0 


10.2 

20.9 


5 




1.8 

14.8 


16.0 

15.8 


A 




4-0.8 

-0.1 


-3.2 

-5.0 


* Work p(*riods referrt'd t,r) here are only the one hour periods and do not include the 
psychomotor periods (see protocol). 


TABf.E 


Comparison of 24 hour urine acetone and urine nitrogen of men doing hard work during 
the first and fifth fasts of five successive fasts. 


VARIABLE 

NO. OF FA.ST 

DAYS OF FASTING 

1 

2 

Urine acetone 

1 

0.788 

4.788 


5 

0.947 

2.894 


A 

4-0.159 

-1.894 

Urine nitrogen 

1 

7.50t 

10.98* 


5 

8.64t 

11.82* 


A 

+ 1.14 

4-0.8^! 


Two men. 
t Three men. 


presented elsewhere. The individual changes which occurred in the metabolic 
variables between the first and fifth fast are presented in table 7. The marked 
improvement after successive fasts by J a and N o in the ability to control blood 
sugar during work on the second day of fasting was accompanied by a parallel 



TABLE 4 

Comparison of work pulse and ventilation rates of 4 men doing hard work during the 
first and fifth fasts ^pf five successive fasts. The men were working on a motor-driven 
treadmill at 3.6 m.p.h. and 10 per cent grade. 


Pulse rate beats/min. 

1 

5 

A 

Ventilation liters/min. 
1 
5 
A 


DAY OF FASTING 


Work Period* 


1 

2 

3 

4 

1 

2 

3 

1 

139 

148 

153 

158 

168 

169 

170 

172 

137 

142 

145 

147 

166 

168 

170 

168 

-2 

-6 

-8 

-11 

-2 

-1 

0 

-4 

33.5 

33.5 

33.8 

34.3 

37.6 

37.9 

38.2 

39.8 

31.3 

31.6 

31.3 

31.1 

32.9 

34.2 

33.2 

32.5 

2.2 

1.9 

2.5 

3.2 

4.6 

3.7 

5.0 

7.3 


* A VV/ ai 

psychoinotor periods (see protocol). 


TABLE 5 

The results of the psychomotor tests of speed and co-ordination. The numbers listed 
in the columns under days of fasting represent the difference between the ''control score*’ 
and the score at the specified time. The negative signs indicate deterioration in per- 
formance. High control scores on the ball-pipe test and tapping indicate good performance 
but poor performance in pattern tracing and reaction time. 


VARIABLE 

TEST 

NO. OF 
FAST 

AVER- 

AGE 

CON- 

TROL 

SCORE* 

DAYS OF FASTING 

1 

2 

3 

a.m. 

p.m. 

a.m. 

p.m. 

a.m. 

Eye-hand co- 

Pattern tracing: 

1 

38.3 

-3.5 

-6.8 

-11.8 

-25.8 

-25.8 

ordination 


6 

22.0 

-3.4 

+1.0 

-10.0 

-17.0 

-14.0 

and steadiness 

1) No. of contacts 


A 

-hO.l 

+7.8 

+1.8 

+8.8 

+11.8 



1 

198.8 

-15.0 

-33.3 

-53.3 

-180.0 

-183.5 


2) Length of contacts 

5 

94.1 

-7.8 

-3.8 

-44.8 

-88.8 

-82.0 



A 

-f7.2 

+29.5 

+8.6 

+91.2 

+10.16 

Arm-hand 

Ball -pipe test 

1 

64.8 

0 

-2.0 

-7.8 

-12.5 

-14.5 

speed and 


5 

72.2 

+0.3 

+1.8 

-9.0 

-2.8 

+0.5 

co-ordination 



A 

+0.3 

+3.8 

-1.2 

+9.7 

+15.0 

Hand speed 

Tapping 

1 

57.3 

-6.0 

+3.8 

-0.3 

-1.6 

-7.8 



5 

60.3 

+3.0 

+3.3 

-2.3 

0 

-2.0 




A 

+8.0 

-0.6 

-2.0 

+1.6 

+6.8 

Gross body 

Reaction time 

1 

43.8 

-3.3 

-3.3 

-8.3 

-14.0 

-19.2 

speed 


5 

61.8 

+2.9 

+2.3 

-7.6 

-11.2 

-13.6 




A 

+6.2 

+5.6 

+0.8 

+2.8 

+5.7 


* The "average control score” represents the average of morning and afternoon tests 
given 3 to 6 days before and 7 to 10 days after each fast. 
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improvement in ability to maintain blood ketones at a lower level. The nitrogen 
excretion data are incomplete but those available indicate that gluconeogenesis 

TABLE 6 


Statistical analysis of psychomotor and blood sugar data; all comparisons are between 
the first and fifth fasts at the specified time. The Fischer Mest for paired variates was 
used with 3 degrees of freedom. 


VARIABLE COMPARED 

TIME 


t-VALUK 

t- VALUE AT 




1% 

2% 

5% 

10% 

Pattern tracing 

No. of contacts 

p.in. Ist day 
a.m. 3rd day 


2.60 

4.91 

5.84 

4.54 

3.18 

2.35 

Pattern tracing 
liCngth of contact 

p.m. 1st day 
a.m. 3rd day 


:{.42 

2.!):5 


4.54 

3.18 

2.35 

Ball -pipe 

p.m. 1st day 
a.m. 3rd daj^ 


o.oo 

1.63 





Tapping 

p.m. 1st day 
a.m. 3rd day 


0.12 

1.83 





Reaction time 

p.m. 1st, day 
a.m. 3rd day 


4.59 

0.42 

5.81 

4.54 



Blood sugar 

1st one -hour work 
2nd day 

period 

7.15 

5.84 

4.54 




2nd one -hour work 
2nd day 

period 

1.81 

5.84 

4.54 




TABLE 7 

The individual “improvements” in blood sugar, blood acetone, urine acetone and urine 
N which occurred between t he first and fifth fasts. Th(' sign indicates the absolute alge- 
braic difference between t he fifth and first fasts (\^ — 1). Blood variables are expressed as 
milligrams jx^r cent and urine variaViles as grains excreted over indicated time. 


VARIABLE 

BLOOD SUGAR 

BLOOD 

ACETONE 

URINE 

ACETONE 

urine: nitrogen 

Day 

2 

' 

tst two (lays 

1 

2 

Time 

Work Period No. 

a.ni. 

hours 

24 hours 

24 hours 


1 

2 

3 





Ja 

+ 18 

+19 

+24 

-11 

-7.5 

+2.80 


No 

+14 

+20 

+ 13 

-7 

-0.120 

+0.61 

+2.35 

Se 

+16 

+7 

4-15 

-2 

-0.716 

0.0 


Jo 

-1-9 

-h5 


0 

-0.947 


-0.65 


only played an important r61e in two men. The data of Ja and No are in general 
agreement with the observations of MacKay el al. (9) on the role of gluconeogene- 
sis from protein in the control of ketosis and maintenance of blood sugar in fasting 
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rats. It would appear from the data of /o that substantial gains in blood sugar 
regulation and in reduction of ketone production as measured by urinary excretion 
can be made without a parallel increase in nitrogen excretion. A similar situation 
was found by Folin and Dennis (1) who observed that both urinary ketones and 
nitrogen excretion diminished in two obese subjects on rep)eated fasting. The 
experiments reported here extend to non-obese persons this picture of a decrease 
in urinary ketones on successive fasts with the modification that this is not neces- 
sarily accompanied by a decreased N excretion. 

Since it is generally believed that the nervous system burns only carbohydrate 
it might be expected that the improvements in psychomotor performance would 
parallel the increases in blood sugar. This did not occur. Ja made the largest 
relative gains and improved his performance on all five tests. No made the least 
improvement and actually showed some loss of ability in reaction time. Jo 
showed improvement on pipe and tapping while Se made improvements in tap- 
ping and pattern tracing. Both these men improved their reaction time on the 
evening of the first day. However, it should be kept in mind that this compari- 
son is not too exact since blood sugar was not determined during the actual per- 
formance of the psychomotor tasks. 

It is probable that the state of physical training plays an important role in the 
ability of men to perform hard work during fasting. It is felt that the 4 subjects 
were in the same state of physical fitness at the beginning of both the first and 
fifth fasts. The average pulse rates (walking) on the morning of the first day 
diffemd in the two fasts by only 2 beats per minute while the 12-minute lactate 
after a fixed anerobic work (90 sec. at 9 m.p.h. and 8.0 per cent grade), performed 
within a week of fasting, was 01.9 mgm. per cent in June and 04.7 mgm. per cent 
in October. The psychomotor performance was, in general, somewhat superior 
on the fifth fast as compared to the first. Sufficient data are not available to 
determine precisely the effect of this initial difference on deterioration under 
stress. However, the indications are that this difference was of little con- 
sequence. 

Earlier observations on the effects of exercise on the blood ketone levels (10, 11, 
12) have been confirmed. However, it appears that the measurement of blood 
ketones under these conditions yields no information on the ability of men to 
perform physical or psychomotor tasks. 

The data presented here demonstrate that repeated exposure to the fasting 
state results in a more effective adaptation to fasting. The mechanism remains 
obscure. Gluconeogenesis from protein does not account satisfactorily for the 
increased ability to maintain blood sugar since it occurred definitely in only two 
men. It is possible that an increase in the amount of fat metabolized played a 
r61e in the conservation of carlx)hydrate but more extensive data would be neces- 
sary to establish this difference. The time period over which this effect will per- 
sist must be elucidated by further research. Our data cannot be interpreted to 
give information as to the number of fasts necessary to produce a significant effect. 
However the data of Folin and Dennis (1) indicate a trend which begins on the 
second fast. 
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A somewhat similar situation exists when men are exposed to hot environments. 
A stay in a hot environment for a few days reduces the stress of a second exposure 
and this effect lasts up to a month (13, 14, 15). The experience of the Everest 
Committee and other mountain groups is somewhat similar. Their records show 
that experienced high altitude mountaineers resist the stresses of high altitude 
climbing better than do the beginners. It appears then that there is a group of 
stresses which when applied at intervals to man induce subtle adaptive changes 
which make the organism more fit to withstand the stress on subsequent oc- 
casions. 


SUMMARY AND CONCLUSIONS 

1. Metabolic, physiological and psychomotor measurements have been carried 
out on 4 men who performed hard w'ork under rigidly controlled conditions during 
5 successive 2^ day fasts. The total caloric deficit was of the order of 10,000 
calories. The successive fasts w’ere separated by 5 to 6 w eek interv^als. Results 
on the first and fifth fasts have been reported. 

2. During the second and third days of fasting all men w^ere able to maintain 
the blood sugar in work at a significantly higher level in the fifth as compared to 
the first fast. 

3. Motor speed and co-ordination deteriorated less during the fifth fast. Re- 
action time and pattern tracing show^ed a statistically significant improvement 
w^hile two other psychomotor tests show^ed trends in the same direction. 

4. The relationships between blood sugar, blood ketone and urinary nitrogen 
have been discussed. 

Acknowledgment. It is a pleasure to acknowledge the al>le and devoted assist- 
ance of the Staff of the Laboratory of Physiological Hygiene, without which this 
work could not have been accomplished. The subjects were on detached service 
in Civilian Public Service Camp No. 115. One of them, Walter Carlson, gave 
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The mechanisms by which insulin produces its effects on the metabolism of 
carbohydrates are little better understood at the present time than they were 
when these effects were first described by Best and his co-workers (1). In the 
intervening years, the extensive study of enzyme systems has demonstrated the 
intimate connection between phosphonis compounds in ti^ues and the inter- 
mediary metabolism of carbohydrate. The use of radioactive phosphorus (P**) 
as a tracer in the intact animal has clarified to a considerable degree the exact 
function of these phosphorus compounds in the metabolism of striated muscle 
(6, 7, 8). The work reported below' represents an extension of this tracer tech- 
nique to the study of the mechanism of insulin action, and the results throw some 
light on the details of the part played by this hormone in the deposition of 
glycogen and oxidation of carbohydrate in muscle. 

Since previous work (6, 7) has shown that the turnover rates of the several P 
compounds in muscle can be readily modified by a variety of conditions well 
within the physiological range, the experiments were so designed as to permit 
the study of several of these variables. The turnover rate is different in fasting 
and in the post-absorptive state; muscular activity, even when intense and rel- 
atively prolonged, does not influence the turnover rate, but there is a markedly 
increased turnover in recovery from such activity; the administration of glucose 
reduces the turnover rate in the post-absorptive state, but not in fasting. TJe ex- 
periments with insulin were therefore carried out on both fasting and post-absorp- 
tive animals, in resting muscles and in those recovering from prolonged activity. 
To avoid the complications that would be introduced by hypoglycemia, glucose 
was given to all animals. The dose of insulin used, 5 units per kgm., is probably 
greater than that needed to evoke minimal effects, but it was felt to be more de- 
sirable to look for significant differences than for those whose evaluation would 
depend on statistical analysis of the results. 

i-Supported in part by a grant from the John and Mary R. Markle Foundation. 

* A preliminary report on this appeared in Science 98: 388, 1943. 
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■M in previous studies, the, experiments were carried out on cats. Those 
animals which had last been fed late in the afternoon previous to the experiment 
were regarded as being in the post-absorptive state; those last fed on the second 
day prior to the experiment were considered to be in the fasting state. After the 
mduction of anesthesia with pentobarbital, the P**, in the form of NasHP 04 , was 
injected subcutaneously. This was followed in half an hour by the intraperi- 
toneal injection of glucose, 1.5 grams per kgm., in 5 per cent solution. When in- 
sulin was given, it was injected subcutaneously 30 minutes after the glucose. 
One hour and 45 minutes after the injection of the tracer phosphate, one 
gastrocnemius muscle was stimulated at the rate of one twitch per second against 
moderate initial tension, for a period of 15 minutes. The tension was then re- 
moved, and the muscle allowed to recover in the relaxed state for a period of 2 
hours. At the end of this time, i.e., 4 hours after the injection of the P®, a sample 
of arterial blood was collected and heparinized, and the two gastrocnemius 
muscles then frozen in the usual way. Trichloroacetic acid filtrates of muscle 
and plasma were prepared, and from these the P originally present as muscle 
phosphocreatihe (PC), the two labile phosphate groups of adenosine triphos- 
phate (ATP), fructose-6-phosphate (FP), glucose-6-phosphate (GP), and plasma 
inorg^ic phosphate, was separated and prepared for the determination of radio- 
activity by the methods previously described (6, 8). Measurements of radioac- 
tivity were made by a Geiger-Miiller counter. 

The results of the experiments, which are given in table 1, indicate that 
in resting muscle insulin brings about an increase in the turnover rates of all four 
P compounds, both in the fasting and post-absorptive states; the increased turn- 
over in recovery from activity which occurs normally, fails to appear under the 
influence of this dose of insulin; under certain limited conditions insulin seems to 
increase the amount of GP adsorbed on the cell membrane, and, by inference from 
this, to increase the rate of entrance of glucose into the cell interior and 
presumably the rate of deposition of muscle glycogen. Also, the mechanism by 
which the administration of glucose to post-absorptive animals results in a de- 
creed P turnover in the muscles of post-absorptive animals, continues to operate 
during insulin action. Consequently, the P*^ levels reached in post-absorptive 
animals given insulin and glucose are below those reached in fasted nnimnla 
similarly treated. 

To facilitate the comparison of results on the various groups, all the measure- 
ments of radioactivity have been expressed in terms of counts per minute 
registered on the Geiger-Miiller counter per mgm. of P, calculated to the basis of 
one million counts per minute of tracer material injected per kgm. body weight. 
Suitable corrections for radioactive decay have naturally been made. 

In resting muscle the turnover rates of PC and ATP are more t.b»ri doubled 
under the influence of the injected insulin, in both fasted and post-absorptive 
animals. In view of the abundant evidence from the study of enzyme systems 
that the oxidation of glucose is associated with phosphorylations, this increased P 
turnover may well represent the acceleration of glucose oxidation that inHnlin is 
known to bring about in muscle (1). To make such a correlation, it is necessary 
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TABLE 1 

Effect of insulin on 'phosphorus turnover to muscles of cats given glucose 
Values are expressed as counts per minute per mgm. P, calculated to the basis of one 


million counts per minute injected per kgm, body weight. 


WESTING 

STIMULATED AND RECOVEEING 

PLASMA INORG. P 

Phospho- 

crcatinc 

Adenosine 

triphos- 

phate 

Fructose- 

6-phos- 

pnate 

Glucose- 

6-phos- 

phate 

Phospho- 

creatine 

Adenosine 

triphos- 

phate 

Fructose- 

6-phos- 

phate 

Glucose* 

6-phos- 

phate 

Relative 

radio- 

activity 

Mgm. 
Per cent 


A. Fasting animals 



210 

106 


665 

191 133 

830 

14200 

4.9 


87 

63 


402 

106 95 

342 

7150 

5.5 


88 

84 

50 

610 

108 96 

59 855 

8650 

5.3 


52 

72 

103 

385 

70 76 

50 396 

7000 

5.0 

R 

67 

64 


495 



8000 

8.0 

L 

76 

70 


434 





R 

158 

83 

72 

590 



8550 

7.4 

L 

88 

73 

38 

525 





Av.: 

103 

77 

66 

1 

514 i 

119 100 

65 606 

8925 

6.0 


B. Fasting animals given i nsulin 


425 

205 

257 

380 

176 

133 

198 

248 

238 

80 

114 

119 

380 

374 

555 

620 

320 

187 

276 

299 

241 

146 

196 

238 

121 

175 

235 

180 

425 

508 

980 

1020 

4950 

6350 

4680 

8800 

3.8 

4.9 
6.0 
2.6 

Av.: 316 

189 

138 

482 

271 

205 

203 

733 

6195 

4.3 


C. Post absorptive animals 



89 

87 

67 

70 

90 

101 

71 

75 

7350 

6.1 


80 

87 

68 

60 

124 

108 

78 

70 

j 6570 

5.9 


67 

58 

55 

38 

89 

85 

73 

74 

6550 

8.3 


131 

76 

51 

37 

147 

118 

41 

59 

6250 

6.2 

R 

46 

51 

32 

47 





1 6100 

10.1 

L 

39 

56 

17 

30 







R 

105 

99 


38 





5900 

8.9 

L 

75 

92 

50 

94 







Av.; 

: 75 

76 

49 

52 

113 

103 

66 

70 

6453 

7.6 


D. Post absorptive animals given insulin 


122 

154 

172 

298 

117 

116 

148 

235 

75 

97 

112 

160 

102 

87 

no 

117 

167 

155 

200 

189 

1 151 

145 
150 
178 

120 

143 

108 

107 

126 

134 

107 

98 

6150 1 
5100 
5800 
7800 

6.6 

5.2 

3.2 
2.5 

Av.: 187 

154 

111 

104 

203 

156 

120 

116 

6142 

4.4 


E. Average values for post-absorptive animals not given glucose. (Reprinted from This 

J ournal, 142 : 621, 1944) 


Av.: 164 143 81 56 234 217 131 73 
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to postulate that the increased turnover denpted by the higher P*® content 
reached in the same time interval, is necessarily accompanied by an accelerated 
rate of passage of phosphate groups across the cell membrane. This migration of 
phosphate groups has been shown to take place primarily by the formation of PC 
and ATP on the cell membrane, with penetration of the newly forming molecules 
through the membrane (8). Since the total P present in any one form in the cell 
remains constant, the acceleration of formation of these compounds at the mem- 
brane must be accompanied by an equal acceleration of their rate of breakdown 
at the membrane. In the absence of such an accelerated rate of passage across 
the membrane, the relative contents would give no indication of change in 
intracellular turnover rate. 

Since the effect of insulin is to increase the turnover rates of these compounds, 
the lower turnover rates in fasting may well be due to diminished insulin secretion 
in this state, as a consequence of the lowered insulin content of the pancreas in the 
fasting animals (2). The effect of glucose administration in reducing the turn- 
over rate in the post-absorptive state must, of course, be ascribed to some other 
agency than iiisulin. 

In the muscles undergoing recovery from prolonged activity, the effect of in- 
sulin is apparently to diminish or suppress the increased turnover of PC and ATP 
which is seen in the absence of an external supply of this hormone. Apparently 
the effect is one of actual inhibition, since the levels of F^ reached are below those 
found in the recovering muscles of post-absorptive animals without the adminis- 
tration of either glucose or insulin, and are not significantly greater than in the 
companion resting muscles. 

As has been pointed out previously, the radioactivity measurements on the FP 
fraction are significant only when taken in connection with those for GP (6). In 
the post-absorptive animal, the relative figures do give an idea of the metabolic 
turnover of this substance, whereas those on the fasting animal reflect to a more 
marked degree the admixture of material derived from the GP in the incomplete 
separation that is possible. The data obtained serve to emphasize the point that 
the metabolic pathways of the two phosphorylated hexoses are unrelated in this 
species, for there is no relation between the apparent turnover rates of the two 
substances. This is not general for all species, for the two compounds have been 
found to be interconvertible in the muscles of the frog (6). 

In the post-absorptive state, the GP shows about the same increase in turnover 
rate under instilin as do the PC and ATP. Under these conditions, the P®^ con- 
tent of the GP, in relation to those of the PC and ATP, does represent the general 
metabolic turnover rate. In fasting animals this is not the case. Instead, it 
serves as an index of the extent to which formation . and adsorption of GP 
has taken place on the cell membrane. This reaction has been shown (6) to be 
the first step in the absorption of glucose by the muscle cell. The absence of an 
increased P*^ level in the GP of the recovering muscles of the post-absorptive 
animals under insulin, indicates a very slow rate of resynthesis of muscle glycogen 
under these conditions. This slow rate of deposition of muscle glycogen in recov- 
ery has been reported in numerous investigations. 
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In the fasting animal, the high content of the GP in the resting muscle is not 
raised by insulin. In the muscles recovering from activity, insulin seems to pro- 
duce a significant increase ; it therefore seems to increase the amount of GP on the 
cell membrane. Thus it is only under the special condition of recovery from pro- 
longed activity in the muscles of a fasting animal that insulin seems to increase 
the rate of the first phase of glucose absorption by the cell. Depletion of the 
glycogen stores by activity does not necessarily of itself act as an adequate stimu- 
lus to an increased rate of glucose absorption under the influence of insulin; only 
when that depletion takes place in a fasted animal does insulin evoke an increased 
rate of formation of GP on the membrane, the initial step in glucose absorption. 

The maximum P^^ content in the GP in any of these experiments, roughly one- 
tenth that of the plasma inorganic P, represents the presence on the cell 
membrane of roughly 1 to 2 mgm. per cent of P as GP, since the GP content of the 
muscle is less than 10 mgm. per cent, as P. Such a quantity could scarcely be 
detected by ordinary chemical means. This figure does not give any clue to the 
rate of passage of glucose into the cell interior; however, it may be assumed that 
the rate of passage would be much higher when the amount of adsorbed GP is 
high than when it is vanishingly small, as must be the case in the post-absorptive 
animals. 

The demonstration that GP serves as the mechanism by which glucose enters 
the muscle cell interior, and that it does not enter into exchange reactions with 
the other intracellular organic P compounds, makes possible a tentative evalua- 
tion of the r61e of glucose-l-phosphate, the Cori ester (3), in the metabolism of the 
intact cell. It may well be that the glucose molecule, after entrance into the cell, 
is phosphorylated in the 1-position by some enzyme not yet identified, and that 
under the influence of phosphorylase the Cori ester is converted to glycogen and 
inorganic phosphate. In this way, the formation of glycogen could take place by 
phosphorolysis without a phosphate group on the 6-position of glucose being in- 
volved. 

In the present experiments, the GP content of the muscles, as distinguished 
from the content of the GP, was not affected by insulin. This is in contrast 
to the observations of Kaplan and Greenberg (4) on rabbits given insulin and P®2. 
They report a doubling of both the content of barium-soluble P and of the F^ 
content of this P, under insulin. The fractionation procedure they used would 
result in a barium-soluble fraction consisting largely, if not entirely, of hex- 
osemonophosphate. Examination of their data shows that the increase in the 
amount of P in the barium-soluble fraction was derived from the PC, and that the 
increased P®^ could have come only from plasma inorganic phosphate. These 
data indicate that insulin in the rabbit has a much greater effect on the formation 
of hexosemonophosphate on the cell membrane than in the cat. Since Kaplan 
and Greenberg did not fractionate the hexosemonophosphate into FP and GP, 
their data do not throw any light on the question of species differences in the be- 
havior of these two compounds. 

As has been reported repeatedly, insulin was found to lower the plasma inor- 
ganic phosphate level. Only in the fasted animals did it bring about a decrease 
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in the P" content of this material. This combination of lowered total plasma P 
with increased P® levels in the muscle compounds, may indicate a net migration 
of P into the muscle cell interior under the influence of insulin, such as that found 
in the liver by Nelson et al. (6). However, any such migration would have to be 
vanishingly small in relation to the amount of intracellular organic phosphate 
present in muscle. 

The author is indebted to Prof. J. M. Cork of the Department of Physics, Uni- 
versity of Alichigan, and to Dr. J. G. Hamilton of the Radiation Laboratory, 
University of California, for the generous supplies of P“ for these experiments. 

SUMMARY AND CONCLUSIONS 

1. The effect of insulin on phosphate turnover in striated muscle has been 
studied in cats by means of radioactive phosphorus (P®). 

2. In both fasting and post-absorptive animals given glucose, insulin increases 
the turnover rates of phosphocreatine and the two labile phosphate groups of 
adenosine triphosphate, in resting muscle. It also increased the turnover rate of 
glucose-6-phosphate in resting muscles of post-absorptive animals. 

3. The increase in turnover of P which normally takes place in the post-ab- 
sorptive state, in recovery from prolonged activity, is not seen when insulin is 
administered. 

4. Tnaiilin does not seem to modify the extent of formation of glucose-6-phos- 
phate on the muscle cell membrane in resting muscles of either fasting or post- 
absorptive animals. 

5. Tnsiilin seems to increase the formation of glucose-6-phosphate on the cell 
membrane during recovery from muscular activity, in fasted, but not in post- 
absorptive animals. 

6. Tnaiilm does not counteract the effect of glucose in reducing P turnover in 
the post-absorptive state. 

7. The evidence indicates that insulin accelerates the rate of glucose oxidation 
within the muscle cell, but that other factors are of greater importance in deter- 
mining the rate of passage of glucose across the cell membrane. 
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In a pn'vious pajxu* (1) we have reported on th(' ineffectiveness of atropine and 
oth(‘r spasmolytic agents in abolishing gastric cardiospasm of the dog following 
bilateral vagotomy in th(‘ neck. In this, the cardia secans to differ from oth(‘r 
smooth mns(de of tlie gastro-intestinal tract. Contradictory statenumts are 
iound in the lit(a’atur(‘ (2 8) as to th(‘ mechanism of this type' of cardiospasm. 
1 his lack ot unitormity of opinion on the response of the cardia to s(*ction and 
stimulation of nerves led to this investigation. 

Me'cuod. In 53 l)arbitalized dogs cardiac function was observed esse'ntially 
as l)y Langk'y (2), that is, measuring the' resistance to inflowing water. A glass 
tube was tk'd into the esophagus at the lu'ck and connect'd to an upright glass 
tube' se'rving as a mane)me'ter. A constant fle)w of fluiel from a Mariotte be)ttle' 
inte) the' manome'te'r tube', the' uppe'i* e'liel e)t whie*h was e*e)nnee'te'el te_) a ve)lume' 
re'ce)rde'i-, pe'rmitte'd e*e)ntiiious re'ce)reling. In most e'xperirne'nts the' glass tube' 
use'd was she)rt in e)rele'r to e)bse'rve‘ the' re'spemse's ot be)th the' e?se>phagus anel the' 
e*ardia. In a tew ('xpe'rinu'iits, to e'xcluele re'ce)reling of e'se)j)hageal activity, a long 
tu])e' reaediing down te) the' diaphragm was use'el. In this case' the e'sophagus was 
tasteiu'd to the' le)we'r e'lid of the' tube by me'ans e)f a wide rubber band te) pre\'e'nt 
leakage' e)t fluid into the' luiiu'n e)t the' e'se)phagus. The' e)utfIow’ of the w ater w as 
renele're'el possible' by inse'ilion e)f a ve'iy wiele glass tu1)e into the' stomach wall. 
To e'xe*lude‘ spontaiK'Ous re'spiratory move'ine'iits be)th phre'nic nerve's we're cut in 
tJie' neck anel a bilate'ral piK'umothorax was ele)ne', anel positive' pressure artificial 
re'spii-ation was ap{)lie'd. A variable' fre'eiuency e'le'ctre)n tul)e eie'vice' was use'el for 
nerwe' stimulatie)n. Whe'ii nerve's cle)se' to the' diaphragm were stimulate'el, the' 
('le'ctroele' w as put into a I'ubber ce)nde)m to ave)iel le'akage' of curre'nt. 

Kxpkiiiments. If the vagi are e*ut about 3 e'lii. above' the eliaphi'agm, the're 
is ne) change in the' e*arelia but their subse'e|uent see*tie)n in the neck is followeel l)y 
sj)asm (fig. I , A, H). In 9 e)ut e)f 42 de)gs, e)n which bilateral vagotomy in the neck 
w as pe'He)rmed, the cardia remaineel unchanged, ])re'sumably due' to the depth of 
ane'stlu'sia. If the' pe'rii)he'ral right vagus is now stimulateel in the neck, the' le'- 
sistane'e' te) fle)W' rises imme'diately and i-emains high during the stimulatie)n, while 
after stimulation a fall in resistance occurs (fig. 1 C). Stimulation of the pe- 
riplu'ral end of the vagus, cut just abo\x" the diaphragn^ e*auses a rise in resistance' 
(fig. 1 D). 

If the pe'ripheral e'lid of the right or left vagus is stimulated, after section of 
be)th nerves in the ne>ck e)nly, with fe)lle)Aving spasm e)f the cardia, three' responses 
are see'n. Comparati ve'iy weak stimuli give' the' immediate' rise during stimu- 
latie)!! anel the fall afteiwvards, w hile a stronger stimulus adels the thiixl effect, the 
delayed I’ise (fig. 2, A, B). After curare the immediate rise and the subsequent 
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Jail ar*(^ rediUM'd (fig. 2 C). Progr(\ssivc slow curarization with (aythroidine al)ol- 
islu's both eff(Hd/S (‘onconiitantly (fig. 4). delayed ris(' is augmcaited by 

es(‘rine and abolish(‘d by atropine, although atropiru’; is not vcay effective in abol- 
ishing spasm of th(' cardia (fig. 2, D, K). (dearly, th(‘ immediate rise is from 
(H)ntiacf ion of the sti'iat('d mus(*l(' of the (\sophagus, since' it doe's ne)t appeair on the 
re'corel if long f ube' is use'd (fig. 3), tlu' late rise' is from contraction e)f the cardia. 

Stimulatie)n e)f e'ithe'r vagus in the ne‘e*k is V'ithe)ut any eif('e*t e)n the' te)ne of the 
e'arelia, if the' e'se)phagus is sectie)neel a})Out 2 e*m. abe)ve the' dia[)hragm, while care 
is l)e'ing take'n te) aveiid injury te) the' vagus ne'rve's (fig. 3). 



fig. I)o^ 13. () U^m., l)arl)ital aiicstlH'sia. Long tube in (‘SO])iiagus. From the top 
down, cardia, carotid arterial pr(‘ssure, .signal of nerve stimulation, time in minutes. 

.\. Stimulation of right vagus in th(‘ n(‘ck, frefiuency 50 ])er s(‘cond. H. Sam(‘ as A after 
S('ction of the (‘sophagus at the* diaphragm. 

fig. 1. Dog 15 kgm., barbital anesst h(‘sia. Short tulx* in (\sophagus. From th(‘ top down, 
cardia, carotid arterial ])res.sur(‘, signal of n(‘rv(‘ stimulation and inje'ction, time in minutes. 
At arrows stimulation of right vagus in the neck, at sigmds inje'ctions of 2 mgm./kgm. 
('rythroidine hydrochloride. Letwe'en A and H two injections of 2.0 mgm./kgm. of erv- 
hroidine hydrochloride. 


St imulatie)!! e)f the' h'ft splane*hnic nerve', eluring spasm e)f the carelia, pruehice's a 
slowly ele'\’e'le)ping rise' in re'sistance, which is augmented by cetcaine. Stimulatiem 
of the lowe'r thetraede' sympatlu'tie* give's an imme'eliate anel a delayt'd rise' in pres- 
sure. To gain insight inte) t he mechani.sm of the e'ffe'cts of lu'rve st imulatiem in the 
light e)f the mode'rn tlieetry of humoral transmission of nerve' impulses, w e studied 
the effects etf epine'phrine and acetyl-choline on the cardia. Both cause contrac- 
tiem of the cardia on their injection into the' le'ft gastric arteiy by w ay of the cen- 
tral e'nei of the splenic artery, with the e'ornrnon hepatic artery ligated. On 
intravenous injection, acetyl-choline has little effect in small doses, and the action 
of large doses is complicated by the' rele'ase of adrenin. Epinephrine in- 
travenously causes slight contraction of the cardia, but intense contraction after 
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bilateral vagotomy in the neck (figs. 5, A, B, and 6, A, B). It certainly does not 
constrict the open cardia and relax the closed cardia as has been claimed (4). 
Cocaine augments this action of epinephrine (fig. 5 C), and ergotamine, which in 
small doses gives a fall in resistance of the cardia (fig. 6 C), reverses the effect 
(fig. 6 D). 

Discussion. It appears that the vagus nerves supply the cardia both with 
motor and inhibitory fibers. The former are cholinergic in nature since tlu' 
motor effect following vagal stimulation is augmented by (\serine and abolish(*d 



Fig. 5 Fig. G 


Fig. 5. Dog 11.8 kgm., barbital auosthesia. Sliort tube in esophagus. From the top 
clown, cardia, carotid arterial pressure, signal of injc^ction, time in 10 seconds. 

A. One microgram per kgm. epinephrine intravenously. H. Same* as A after st'ction of 
both vagi in the neck. C. Same as B after the intravenous injection of 2.0 mgm./kgni. 
c oc ai n c hy dr oc h 1 o ri d e . 

Fig. G. Dog 6.5 kgm., barbital anesthesia. Short tube in esophagus. From the top 
down, cardia, carotid arterial pressure, signal of injection, tiim^ in 10 s(‘conds. 

A. Five micrograms per kgm. epinephrine intravenously. B. Same as A after section of 
both vagi in the neck. C. I'hree-hundredths mgm./kgm. ergotamine intravenously. D. 
Five micrograms per kgm. c'pinephriiie intravenously. 

by atropine. As epinephrine and acetyl-choliru' cause' cont raction of the cardia, 
iKuther cholinergic nor adrenergic mechanisms scKun adecpiate to explain tlie 
inhibitory effect which occurs after vagal stimulation in the neck. 

It is evident that the motor fiber's supplying the cardia travel in the main 
trunks of the vagus nerve, since stimulation in the neck and at the level of the 
diaphragm have the same motor effect. However, the mechanism producing 
relaxation of the cardia is within the wall of the lower esophagus. The evidence 
for this is : 
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1 . Section of both vagi at the diaphragm does not cause cardiospasm, but sub- 
sequent section in the neck does. 

2. Stimulation in the neck after section at the diaphragm still causes inhibition 
of the cardia. Thus relaxation from vagal stimulation in the neck does not 
depend on the integrity of the vagi just before they reach the cardia. 

3. Stimulation of the vagus at the diaphragm never produces inhibition of the 
cardia. 

4. After the esophagus has been sectioned at the diaphragm (vagi intact), 
stimulation of the vagus in the neck produces no change in the tone of the cardia. 

Two interpretations are possible as to the nature of this inhibitory mechanism. 
One possibility is that the vagus nerves carry true inhibitory fibers, which enter 
the wall of the lower esophagus before they reach the cardia. If this were the 
case, these fibers certainly would be preganglionic, since after curare, stimulation 
of the cervical vagus has no inhibitory effect. 

The other possible explanation is that esophageal contraction produces by some 
intrinsic mechanism relaxation of the cardia as suggested by Burget and Zeller 
(7), and when esophageal activity is abolished by vagotomy, cardiospasm results. 
The fact that distention of the lower end of the esophagus (7), similar to vagal 
stimulation, produces relaxation of the cardia lends some support to the latter 
hypothesis, as does the effect of progressive, slow curarization. 

Removal of this inhibitory mechanism by vagal section results in cardiospasm 
presumably due to predominance of the sympathetic system (6), inasmuch as the 
cardia is more sensitive to epinephrine under this condition. The relaxing effect 
of ergotamine affirms this belief of the predominance of the sympathetic, which is 
motor in its effect on the cardia. 

There seems to be some relationship between experimental and clinical cardio- 
spasm, since it was demonstrated that the latter condition is frequently associated 
with pathological changes in the vagus nerves and in ganglion cells of the lower 
esophagus and cardia (9, 10). 


SUMMARY 

The response of the cardia to section and stimulation of nerves and to the ad- 
ministration of autonomic drugs has been studied in 53 barbitalized dogs. 

Stimulation of the cervical vagus causes relaxation of the cardia, followed by 
contraction. 

The fibers producing contraction are cholinergic, they travel in the main trunks 
of the vagus nerve. 

The inhibitory mechanism is within the wall of the lower esophagus. 

Two possible hypotheses are discussed as to the nature of this inhibitory 
mechanism. 

Interference with this inhibitory mechanism by bilateral vagotomy in the neck 
is followed by cardiospasm due to predominance of the sympathetic which 
is motor in its effect on the cardia. 

Ergotamine causes relaxation of the cardia. 
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This paper deals with the effects of adrenocortical extract on men working in 
the heat. In testing the effects of any drug, comparison has to be made with 
the influence of at least 3 separate factors known to be of the utmost importance 
in the regulation of heat balance during work. Acclimatization for work in the 
heat (Robinson, Turrell, fielding and Horvath, 1943) is characterized by pro- 
gressive improvement in the performance of a fixed task, as displayed by im- 
provement in body temperature, pulse rate and comfort and by decreased sus- 
ceptibility to heat exhaustion. Administration of ample amounts of water 
during work (Pitts, Johnson and Consolazio, 1944) results in striking improve- 
ment in the body’s maintenance of thermal equilibrium over a period of hours, 
and protects the subject against exhaustion. Inadequate intake of sodium 
chloride predisposes in a matter of days to heat exhaustion (Taylor, Henschel, 
Mickelsen and Keys, 1943), which is avoided by adequate daily supplies of salt. 
In order to be of practical utility, any drug w^ould have to demonstrate beneficial 
effects over and above those of acclimatization, water and salt. 

Extract of adrenal cortex was studied because of reports that its administra- 
tion is beneficial in therapeutic hyperthermia. Edelmann, Mahanna, Lewis, 
Thatcher and Hartman (1943) ameliorated the nausea and fatigue and acceler- 
ated the recuperation of luetics by injecting adrenocortical extract during their 
course of weekly fever treatments. The extract’s chemical effects in these 
patients were to sustain the level of sodium in the plasma, to reduce the sodium 
concentration in their sweat, and to raise the blood glucose. The hemoconcen- 
tration usually produced in them by the fever was unaffected. 

In the present series of experiments fully acclimatized subjects were living 
on a constant diet adequate in salt, and it was possible to obtain a satisfactory 
comparison between the effects of the drug and of water. Complete studies were 
made of physical eflSciency during work, of respiratory exchange, of chemical 
balance and of the chemistry of sweat. 

Methods. Because of limitations in the supply of cortical extract only 2 
subjects (J. S. and R. W.) were used. They were healthy young men, in good 
general physical training and fully acclimatized, as judged by the criteria of 
Robinson, Turrell, fielding and Horvath (1943), for work in moist heat by 2 
months of almost daily marching in the hot room. During the test period they 

^ This work was conducted under a contract, recommended by the Committee on Medi- 
cal Research, between the office of Scientific Research and Development and the President 
and Fellows of Harvard College. 

* Pan-American Fellow. 


169 



170 


M. MOEEIBA, B. JOHNSON, A. FOBBES AND F. CONSOLAZIO 


followed a rigid daily schedule of 4 hours in the hot room as subjects, 4 hours in 
the hot room as technicians and the rest of the day and night in a temperate en- 
vironment. Their daily diet was constant; it provided by analysis 9.9 grams of 
Cl, 7.5 grams of Na and 3.1 grams of K for J. S. and 7.4, 6.0 and 2.2 grams re- 
spectively for R. W., and was good by National Research Council standards. 
Complete accoxmt was made of all fluid and food consumption; of all excreta, 
including sweat; and of daily activity. 

Their responses to the heat were measured during work in a room maintained 
at 90®F. ± 0.5°F. and relative humidity 80 per cent =b 1 per cent. After 20 
minutes for “warming up’^ they marched daily 3 consecutive hours on a motor 
driv^ treadmill up a 4 per cent grade at 3.5 m.p.h., wind velocity 5 m.p.h., 
with 10 minutes’ rest each hour. The following physiological observations were 
made: pulse rate by palpation every 15 minutes during marching; rectal tem- 
perature by clinical thermometers at the end of each hour; blood pressure by 
mercury sphygmomanometer and auscultation at the eighth minute in every 
rest period; rate of sweating by loss in body weight; respiratory exchange in the 
first and third hours by analysis of expired air collected in a Tissot gasometer; 
skin temperature on the right forearm in the first and third hours by means of a 
copper-constantan couple read galvanometrically. 

Samples of blood were collected by venepuncture before and after each day’s 
march. The following analyses were made: hemoglobin, hematocrit and serum 
protein by the specific gravity method of Phillips, Van Slyke and colleagues 
(1943) ; serum chloride by the method of Harvey (1910) ; serum non-protein nitro- 
gen by Nesslerization (Daly, 1933) ; serum sodium by the method of Butler and 
Tuthill (1931) ; serum potassium by the method of Shohl and Bennett (1928). 

Samples of sweat were collected in the first and third hours by means of ob- 
stetrical rubber gloves fitted at the elbow with rubber bands fitting snugly but 
not impeding the circulation, and drained through a spigot on the little finger. 
Estimations of chloride, non-protein nitrogen, sodium and potassium were per- 
fonhed by the methods listed above. 

Samples of urine were collected continuously in 12 hour periods, covering night 
and day respectively, and the chloride, sodium and potassium were estimated by 
the above methods. In addition total nitrogen was estimated by the micro- 
Kjeldahl technique of Ma and Zuazaga (1942). 

In testing the effects of the drug, separate days’ experiments on each subject 
were carried out under the following conditions: a, no drinking water, no drug; 
6, no drinking water, but drug; c, water to drink every 15 minutes at a rate equal 
to I the rate of sweating,* no drug; d, water to drink, drug. Water consumption 
was not controlled during the part of the day not devoted to marching. The 
order of the experiments was arranged so that both subjects did not receive the 
same treatment on any given day and therefore acted as controls for one another 
as well as for themselves. 

* This amount of water to drink maintains reasonably good hydration for periods up to 
4 hours (see Pitts, Johnson and Consolazio, 1944) and is the maximum tolerated by most 
men without undue gastric distention with consequent mild distress. 
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The adrenal cortical extract was Dr, E. C. Kendall’s Extract 777 of whole beef 
adrenal cortex, proved potent by its effect on adrenalectomized rats. The 
dosage was 45 ml. injected intravenously just before the start of the day’s work, 
this large dose being employed so as to obtain unequivocal evidence of any 
possible effects. 

Results and conclusions. Examination of the data will be facilitated by 
making 4 sets of comparison in every group of measurements: a, the absolute 
levels in the first and third hours; b, the increment or decrement from the first 
to the third hour, as a measure of the subject’s ability to maintain a steady state; 
c, absolute levels and changes in experiments without and with water to drink, 
as a measure of the effects of water; d, absolute levels and changes in experiments 
without and with adrenocortical extract as a measure of the effects of the drug. 

TABLE 1 

Rectal temperature, pulse rate and sweating as affected by administration of water, adrenal 

cortical extract or both 
(For experimental conditions see text) 


EXPEKIMENTAL CONDITIONS 

RECTAL TEMPERATURE 

PULSE RATE 

RATE OP SWEATING 

TOTAL 
SWEAT 
IN 3 
HOURS 

1st hr. 

3rd hr. 

A 

1st. hr. 

3rd. hr. 

A 

1st hr. 

3rd hr. 

A 


“F. 

T. 

"F. 

beats /min. 

l./hr. 

l./hr. 

l./hr. 

/. 

Subject R. W. 











No water 

101.4 

103.5 

+2.1 

150 

182 

+32 

1.56 

1.22 

-0.34 

4.36 

No water, cortex. . . 

101.6 

103.5 

+2.0 

148 

176 

+28 

1.55 

1.30 

-0.25 

4.57 

Water alone 

100.8 

101.2 

+0.4 

124 

130 

+6 

1.35 

1.40 

+0.05 

4.25 

Water and cortex. . . 

100.8 

101.3 

+0.5 

134 

162 

+28 

1.70 

1.48 

-0.22 

5.06 

Subject J. S. 











No water 

100.7 

102.4 

+1.7 

128 

172 

+44 

1.39 

1.35 

-0.04 

4.17 

No water, cortex . . . 

100.7 

102.4 

+ 1.7 

128 

168 

+40 

1.57 

1.23 

-0.34 

4.22 

Water alone 

100.4 

100.7 

+0.3 

126 

142 

+ 16 

1.43 

1.32 

-0.11 

4.25 

Water and cortex. . . 

100.5 

100.6 

+0.1 

122 

130 

+8 

1.29 

1.10 

-0.18 

3.59 


a. Responses to heat. Pulse rate, body temperature, rate of sweating and 
blood pressure are the most significant measures of the subject’s ability to main- 
tain satisfactory condition in the heat (table 1). The rectal temperature rose 
steadily when water was withheld, remained within comfortable limits when it 
was drunk, and was unaffected by adrenal cortex. The pulse rate behaved 
similarly, except in R. W. whose pulse rate was high when water was drunk and 
extract was injected. Rate of sweating and total loss of sweat showed no effects 
attributable either to water or to adrenal cortex. The decrease in the third hour 
is characteristic of prolonged work in the heat (Johnson, Pitts and Consolazio, 
1944). Blood pressure showed no changes attributable to either water or ad- 
renal cortex (table 2). The subjects never reported subjective impressions 
either favorable or unfavorable to the extract, and it apparently had no effect on 
their performance in the heat. 


172 M. MOREIRA, R. JOHNSON, A. FORBES AND F. CONSOLAZIO 

h. Respiratory exchange. Progressive dehydration is usually accompanied 
by progressive deterioration in the mechanical eflB-ciency of performing a fixed 
task, so that the oxygen consumption rises. Table 2 shows the rise of pulmonary 
ventilation and oxygen consumption characteristic of dehydration, the bene- 
ficial effects of water, and no significant effect of adrenal cortex. In addition, it 
shows that administration of water decreased the excretion of carbon dioxide, 
especially in the third hour. This was also unaffected by adrenal cortex. These 
results are at variance with the finding of Missiuro, Dill and Edwards (1938) 
that adrenal cortex improved the mechanical efficiency of normal men in moder- 
ate exercise. However, their experimental conditions were so different from 
ours that no direct comparison of results is profitable. 

TABLE 2 


Respiratory exchange and blood pressure, as affected by administration of water ^ adrenal 

cortical extract or both 
(For experimental conditions see text) 


EXPERIMENTAL CONDITIONS 

PULMONARY 

VENTILATION 

OXYGEN CONSUMP- 
TION 

CARBON DIOXIDE 
EXCRETION 

BLOOD PRESSURE 
(SYSTOLIC/DIASTOLIC) 

Ist 

hr. 

3rd 

hr. 

A 

ist 

hr. 

3rd 

hr. 

A 

1st 

hr. 

3rd 

hr. 

A 

1 

1st hr. 

3rd hr. 

A 


mLfkgm.lmin. 

ml./kgm./min. ' 

ml.lkgm.fmin. 


mm. Eg 

Subject R. W. 












-14/+6 

No water 

431 

524 

+93 

23.9 

26.1 

+2.2 

18.9 

20.6 

+1.7 

126/70 

112/76 

No water, cortex . . 

422 

548 

+126 

23.4 

25.8 

+2.4 

18.0 

20.1 

+2.1 

118/80 

120/78 

+2/-2 

Water alone 

434 

445 

+11 

23.8 

24.4 

+0.6 

19.0 

18.3 

-0.7 

120/60 

120/76 

0/+16 

Water and cortex . . 

446 

467 

+21 

24.2 

24.9 

+0.7 

18.6 

18.9 

+0.3 

126/80 

128/86 

+2/+6 

Subject J. S. 










122/76 

118/76 

-4/0 

No water 

408 

415 

+7 

19.6 

21.0 

+1.4 

16.9 

16.4 

-0.5 

No water, cortex . . 

386 

396 

+10 

19.0 

21.4 

+2.4 

16.9 

16.5 

-0.4 

126/76 

108/76 

-18/0 

Water alone 

382 

382 

0 

19.4 

20.3 

+0.9 

16.1 

15.4 

-0.7 

126/86 

110/86 

-16/0 

Water and cortex . . 

391 

375 

-16 

19.1 

19.7 

+0.6 

16.8 

15.5 

-1.3 

116/82 

114/82 

-2/0 


c. Changes in blood chemistry. Inspection of table 3 shows that with progres- 
sive dehydration serum sodium and serum non-protein nitrogen increased. 
(Whole blood hemoglobin and hematocrit and serum protein are not listed 
because they showed changes of the same order of magnitude and in the same 
direction as the serum sodium.) Sbrum chloride and serum potassiiun showed 
no regular changes in dehydration. Administration of water tended to prevent 
almost completely the rise in sodium, to a lesser extent the rise in non-protein 
nitrogen, and was without effect on serum chloride and serum potassium. Ad- 
ministration of cortical extract was without consistent effect on any of the sub- 
stances measured. The findings of Edelmann, Mahanna, Lewis, Thatcher and 
Hartman (1943) in therapeutic hyperthermia were a drop in serum sodium, 
irregular behavior in serum chloride, and no significant changes in serum potas- 
sium or in serum protein. Adrenocortical extract often prevented or reduced 
this drop in serum sodium during their treatments. Their experimental condi- 
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tions and ours were almost totally different, so that too much weight cannot be 
placed upon discrepancies in results, such as their drop in serum sodium and 
our rise. 

d. Chemical changes in sweat. Before discussing the data on sweat, we have 
to consider factors influencing its composition. Johnson, Pitts and Consolazio 
(1944) have suggested that the chloride concentration in sweat is affected by 3 
primary factors: (1) a peripheral one correlated with skin temperature; (2) a 
central one correlated with rectal temperature and rate of sweating and (3) 
individual idiosyncrasy. With increasing rectal temperature and rate of sweat- 
ing the sweat chloride increases. A further increase is produced by rise in local 
skin temperature, and a decrease by lowering the local skin temperature. There 
may be consistent differences between subjects even when their skin tempera- 

TABLE 3 


Serum chloride ^ sodium y potassium and non-protein nitrogen as affected by administration of 
watery adrenal cortical extract or both 
(For experimental conditions see text) 


EXPERIMENTAL CONDITIONS 

SERUM CHLORIDE 

SERUM SODIUM 

SERUM POTASSIUM 

SERUM NON-PROTEIN 
NITROGEN 

1st hr. 3rd hr. 

A 

Ist hr. 

|3rd hr. 

1 - 

1st hr.|3rd hr. 

1 ^ 

Ist hr. 1 3rd hr. 

A 



meq.jl. 



meg./L 



meg.fl. 


mg.tlOO ml. 

Subject R. W. 













No water 

104 

107 

+3 

139 

150 

+11 

5.0 

5.3 

+0.3 

30 

36 

+6 

No water, cortex . . 

106 

108 

+2 

143 

150 

+7 

5.6 

5.2 

-0.4 

36 

42 

+6 

Water alone 

104 

102 

-2 

142 

142 

0 

4.9 

5.4 

+0.5 

28 

35 

+7 

Water and cortex . . 

103 

102 

-1 

137 

141 

+4 

CO 

5.8 

+0.5 

28 

39 

+11 

Subject J. S. 













No water 

107 

106 

-1 

143 

149 

+6 

5.0 

5.0 

0 

36 

46 

+10 

No water, cortex . . 

107 

108 

-fl 

140 

149 

+9 

5.1 

4.8 

-0.3 

29 

52 

+23 

Water alone 

102 

102 

0 

139 

142 

+3 

5.4 

4.7 

-0.7 

34 

42 

+8 

Water and cortex. . 

104 

104 

0 

140 

1 139 

-1 

4.9 

4.9 

0 

34 

30 

-4 


tures, rectal temperatures and rates of sweating are identical. The present 
experiments provide information on sweat sodium, potassium and non-protein 
nitrogen in addition to sweat chloride and suggest that sodium behaves like 
chloride, but potassium does not. Reference should be made to table 4 for the 
changes in composition of sweat in relation to skin temperature, to table 1 for 
the corresponding rates of sweating and rectal temperatures, and to table 3 for 
the corresponding serum levels. Five chief conclusions may be reached. First, 
chloride in general showed the changes expected from the interplay of skin and 
rectal temperatures and rate of sweating. Second, sodium was present in con- 
centrations almost identical to chloride, and showed the same correlations with 
skin and rectal temperatures and with rate of sweating. Third, in contrast with 
sodium and chloride, potassium invariably decreased as work was prolonged, 
and showed no correlation with the factors discussed above. Fourth, non- 
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protein nitrogen showed no consistent correlation except as it tended to increase 
as work progressed. Finally, although the results are not so clear cut as one 
would desire, administration of adrenal cortex was associated with a decrease 
in sweat chloride and sodium and an increase in sweat potassium, even at equiva- 
lent skin temperatures, rectal temperatures and rates of sweating. This was 
most striking in the case of chloride and sodium in the third hour of work. By 
analogy with its effect on the kidney, it might be expected that adrenal cortex 
would lower the sweat sodium and raise the potassium, and Edelmann, Mahanna, 
Lewis, Thatcher and Hartman (1943) have reported such an effect in the case 
of sodium. 

e. Changes in overall chemical balance. Thom, Garbutt, Hitchcock and Hart- 
man (1937) have shown that adrenocortical extract produces in normal subjects 

TABLE 4 


Sweat chloride, sodium, potassium and non-protein nitrogen and skin temperature as affected 
by administration of water, adrenal cortical extract or both 
(For experimental conditions see text) 


EXPERIMENTAL CONDITIONS 

SWEAT 

CHLORIDE 

SWEAT 

SODIUM 

SWEAT 

POTASSIUM 

SWEAT 

NON-PROTEIN 

NITROGEN 

SKIN 

TEMPERATURE 
UNDER GLOVE 

1st 

hr. 

3rd 

hr. 

A 

Ist 

hr. 

3rd 

hr. 

A 

Ut 

hr. 

3rd 

hr. 

A 

1st 

hr. 

3rd 

hr. 

A 

1st 

hr. 

3rd hr. 

A 


meqjl. 

meq.ll. 


mtq.jl. 

mg. 1100 ml. 

“F. 

•F. 

•F. 

Subject R. W. 
















No water 

47 

56 

+9 

50 

59 

+9 

6.6 

6.5 

-0.1 

24 

35 

+11 

99.1 

100.6 

+1.5 

No water, cortex 

38 

44 

+6 

41 

46 

+5 

7.4 

6.8 

-0.6 

29 

34 

+5 

98.9 

100.1 

+1.2 

Water alone 

44 

43 

-1 

49 

47 

-2 

7.0 

5.6 

-1.4 

32 

30 

-2 

98.0 

98.0 

0 

Water and cortex 

35 

38 

+3 

38 

40 

+2 

7.0 

6.1 

-0.9 

23 

34 

+11 

98.1 

98.2 

+0.1 

Subject J. S 
















N o water 

60 

83 

+23 

61 

85 

+24 

5.5 

6.4 

+0.9 

30 

36 

+6 

98.9 

100.1 

+ 1.2 

No water, cortex 

67 

69 

+2 

69 

.78 

+9 

6.5 

5.4 

-1.1 

33 

35 

+2 

98.8 

99. Ij 

+0.3 

Water alone 

60 

73 

+13 

62 

76 

+14 

6.0 

5.6 

-0.4 

19 

34 

+15 

96.9 

97.4 

+0.5 

Water and cortex 

51 

56 

+5 

51 

58 

+7 

7.0 

5.9 

-1.1 

38 

50 

+12 

97.9 

98.5 

+0.6 


a marked reduction in the daily excretion of sodium and chloride and an increase 
in the excretion of potassium. In the present experiments, the daily urinary 
excretion of potassium was invariably increased by as much as 1.7 grams when 
cortical extract was administered, but there was no consistent change in sodium, 
chloride or nitrogen. Complete balance sheets are not presented owing to the 
large and variable daily loss of sweat and the difficulty of calculating accurately 
the composition of total body sweat from analyses on a sample collected in one 
relatively small area (see Dill, 1938, and Mickelsen and Keys, 1943). 

Discussion. We may conclude for practical purposes that the administra- 
tion of adrenocortical extract to normal young men even in large doses is without 
benefit upon their capacity to work hard in the heat, in comparison with the 
striking effects of ingesting plain water. The present experiments allow no 
conclusions concerning possible effects on acclimatization. 
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The evidence presented is suggestive that adrenocortical extract may affect 
the level of electrolytes in the sweat. The sweat glands are known actively to 
secrete lactate (Dill, 1938; Mickelsen and Keys, 1943). Comparison of serum 
(table 3) and sweat (table 4) levels at equivalent experimental times shows that 
the glands apparently secrete potassium actively and impose a barrier to the 
passage of sodium and chloride. Administration of adrenocortical extract may 
enhance the secretion of potassium and increase the barrier to sodium and 
chloride. 


SUMMARY 

1. The effects of large doses of extract of adrenal cortex were studied in 
healthy young men living on a constant adequate diet and marching 3^ hours 
daily in moist heat. 

2. In comparison with the striking influence of water drunk during work the 
extract had no effect beneficial or otherwise on the subjects’ performance or 
feelings. 

3. The adrenal cortical extract had no consistent effects on the following 
physiological or chemical functions in the course of marching or during the 
whole day: a, heat balance as measured by pulse rate, rectal temperature, rate 
of sweating and skin temperature; 6, respiratory exchange as measured by pul- 
monary ventilation, oxygen consumption and carbon dioxide excretion ; c, blood 
pressure, either systolic or diastolic; d, serum chloride, sodium, potassium or 
non-protein nitrogen; c, daily urinary excretion of sodium and of chloride. 

4. On days when extract was injected, the urinary excretion of potassium 
was increased. 

5. Suggestive but not unequivocal evidence was obtained that the extract 
lowered the concentration of chloride and sodium in the sweat and raised the 
concentration of potassium. 

6. A previous hypothesis concerning the normal regulation of sweat chloride 
is extended to sweat sodium. Both are present in sweat in almost identical 
concentrations usually much lower than in the serum and appear to be corre- 
lated with 3 important factors: a, personal idiosyncrasy; b, a central factor 
measured by rectal temperature and rate of sweating, and c, a peripheral factor 
associated with skin temperature. The general level rises with increasing 
rectal temperature and rate of sweating. Superimposed on this general 
level are fluctuations associated with changing local skin temperature. In con- 
trast with sodium and chloride, potassium apparently cannot be included in the 
above hypothesis and is actively secreted by the sweat glands. 

Acknowledgment, We are indebted to the Quartermaster Corps for placing 
Pfc. J. Stachelek on detached duty in this laboratory. 
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Some evidence supports the view that hypertension observed in renal ischemia 
IS due to faulty deamination of amino acids. By the action of decarboxylases 
pressor amines are formed as intermediary products in the metabolism of certain 
ammo acids. In the kidney with normal blood supply these amines are deamin- 
ized to inert substances through the action of amino oxidases. In the ischemic 
kidney, however, the latter enzymes are not properly active and so pressor amines 
accumulate and may probably be the main cause of the hypertension observed 
under such conditions. Soloway and Oster (1) have shown that some pressor 
amines can be inactivated in vivo and in vitro by the action of certain quinone 
precursors and Fnedman, Soloway, Marrus and Oppenheimer (2) demonstrated 
that 3 p-quinones, e.g., p-xyloquinone, trimethylquinone and thymoquinone, 
have well-defined blood pressure-reducing qualities in hypertensive rats with 
expenmental cellophane perinephritis. Schafer (3) found that p-xyloquinone 
also reduces the high blood pressure in neurogenic hypertension in dogs made 
hypertensive by section of the carotid sinus and aortic depressor proprioceptor 
nerves and Schwarz and Ziegler (4) proved that 2-methyl-l ,4-naphthoquinone 
effectively reduces the blood pressure in hypertensive rats with silk perinephritis. 
The latter also stated that a hydroquinone compound, e.g., 2-methyl-l ,4-naph- 
thohydroquinone tetrasodium diphosphate did not influence the blood pressure 
under such conditions. Some other p-quinones tested by Friedman et al. do not 
have any influence on the blood pressure in experimental hypertension and it was 
not clear just why some of the quinones are effective while others are not. Too 
few compounds were investigated to permit correlation of antipressor properties 
and chemical structure. Therefore, the influence of a series of p-quinones and 
hydroquinones on the blood pressure of hypertensive rats was determined. It 
was thought perhaps possible, thus, to obtain some clear picture of the metabolic 
disturbances in experimental hypertension. 

Methods. Young rats of about 150 to 200 grams were made hypertensive 
by wrapping both kidneys in silk; the operation on both sides was performed in 
one stage. The blood pressure was determined by the plethysmographic method 
of Grollman, Harrison and Williams (5). Rats were considered suitable for 
testing when the blood pressure level had been elevated and stable for some time. 
The best assays were obtained 6 to 8 weeks after operation. Daily readings were 

* The authors wish to express their gratitude to the American Philosophical Society 
tor financial support from the Daland Fund; 
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made for one week prior to, during, and, if possible, immediately following ad- 

”^ThiiSeroUhe^i?compounds used in these experiments were prepared m our 
laboratory. Great care was taken in securing pure preparations and s abb 
^Ittonr m melting points of the p-quinones and hydroqumones used are 

The doses used for the assays were selected in such a way ^ 

far as possible, correspond to the lowest effective dose. 

also nerformed with higher doses in order to permit an estimate of the relative 

SectTveZ of referent compounds. Only such compounds were considered to 

be effective anti-pressors which, without producing any 

showed 1, a fall to below 150 mm. Hg, and 2, a maximal drop of at 

Hg in the average of the experiment used m the particular assay. , . , 

compounds found to be ineffective, assays were ^ 

we« given in “nlte >^^22 wei need 

nunibGr of assays amounted to about 90. j j r 

?rthe preliminarv eelablishment of doaea and had to be Warded for d.«e.«t 
This evJnation left us at least 3 to 5 test animals 
important assay. In 4 assays when only 2 animals were 

the results were so obvious that another senes of experiments did not seem neces 

^"results The table shows the results of the assays of 14 p^quinoM and 4 
hvSSTones It also summarises these results and demonstrates which co^ 
p^uJitb were found to be effective depressors or ineffective 
it clear that with the exception of naphthoqumone alone, all our studies pom 
the fact that there exists a definite structural relationship among the compounds 
which are considered to be effective depressors m hypertensive rats. 

Table 1 All the effective p-benzoquinones and p-naphthoq,umoims 
least 1 hydrogen and 1 alkyl radical on the oxidized benzene mg while the inac- 
tive compounds do not possess one or the other radical. This is shown in that 
fTinnSemid 2 -methvl-l . 4 -naphthoquinone are effective depressors, while 
duroquinone, benzoquinone, anthraquinone and 

are comnletely ineffective. The essential position of the hydrogen and the alkj 
group bLme^s clear when one imagines the oxidized benzene mg as bav“g 
liJed into half in the vertical direction. Ml the effective 
hydrogen and the alkyl radical on the same half of the mg ^ 
cLpounds may have the same alkyl radical and the hydrogen on different halves 
of the ring This is demonstrated by the fact that the m- an P'^y 
1 effSve whUe 2 , 3 -dimethylbenzoquinone (o-xyloquinone) is ineffective^ 
The introduction of a second or third alkyl radical into the active benzene rmg 
does not principally change the effectiveness of *1^® 
hydrogen and alkyl groups are in proper ^si^ion on the ben^rie g. 
sumption is proved by the fact that 2 , 5 -dimethyl-p-quinone and 2>dmethyl 
p-quinone show almost the same effectiveness and thymoquinone ^^hyj^ 
quinone (Friedman et al.) show remarkable depressor activity. 
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of differences in the composition of the alkyl radicals upon the depressor activity 
of the p-quinones can not be discussed conclusively since the great majority of our 
quinones were methyl substituted. It can, however, be stated that while the 
2,5-dimethyl-p-quinone shows very great depressor activity, 2,5-diethyl-p- 
quinone seems to be completely ineffective when given in equimolecular amounts. 


TABLE 1 


COMPOUNDS 


1 . 4- Benzoquinone 

1 . 4- Naphthoqumone 


Quinone 
a-Naphthoqui- 
none 

Anthraquinone 


9, lO-Antliraquinone 

1,2,3, 4-Tetrahydro- 
naphthoquinone-6, 8 

2-Methylbenzoquinone Tohiquinone 

2. 5- Dimethylbenzoqui- p-Xyloquinone 
none 

2. 6- Diraethylbenzoqui- m-Xyloquinone 
none 

2-Methyl, 5-i8opropyl- 
benzoquinone 

2. 3- Diinethylbenzoqui- o-Xyloquinone 
none 

2, 5-Diethyl benzoqiii- 
none 

2.3.5. 6- Tetramethyl- 
benzoquinone 

2- Methy 1-1 , 4-naph- 
thoquinone 

2.3- DinnethyI-l,4- 
naphthoquinone 

2-Ethyl-l , 4-naphtho- 
quinone 

Toluhydroqui- 

none 

m-Xylohydro- 

quinone 

Thymohydro- 

quinone 

•Synkayvite 


T hymoquinone 


Duroquinone 

Menadione 


• 2- Methyl-1, 4-naphthohydroquinone tetrasodium diphosphate. 


M.P. 

DAILY 

DO.SE 

NO. 

OP 

HATS 

TOTAL 
NO. OP 
DAILY 
INJEC- 
TIONS 

A^ 

Be- 

fore 

OSRAGE 

I^ 

During 

3-4 

dap 

injec- 

tions 

BLOOD I 
r MM. H 

* Durini 
period 
of 

injec- 

tions 

•RESSUBE 

S 

During 
^ injections 
Lowest 
pressure 
of any 
day 

ACTIVITY 


mgtn. 








113-114 

2 

2 

4 

162 

173 

173 

163 

Inactive 

125-126 

2-4 

5 


161 

129 

129 

102 

Depressor 

280-282 

5-10 

2 

4 

182 

167 

167 

160 

Inactive 

55.5-56 

5 

3 

5 

166 

180 

184 

166 

Inactive 

65-67 

5 

2 

4 

175 

143 

143 

116 

Depressor 

124-125 

5 

4 

3 

168 

126 

126 

113 

Depressor 

72-73 

5 

3 

3 

161 

123 

123 

104 

Depressor 

43-44 

5 

3 

8 

162 

150 

146 

130 

Depressor 

55-56 

5 

2 

4 & 9 

157 

152 

152 

145 

Inactive 

76-77 

5.5 

3 

3 

1 191 

170 

170 

162 

Inactive 

112-113 

5 

3 

4 

157 

175 

175 

162 

Inactive 

106-107 

7-13.5 

5 

10 

168 

153 

144 

118 

Depressor 


5-10 

9 

4 

167 

144 

144 

129 


123-124 

15 

3 

10 

170 

IGS 

162 

145 

Inactive 

87-88 

15-20 

3 

12 

154 

145 

139 

122 

Depressor 

124-125 

5 

2 

5 

166 

167 

169 

162 

Inactive 

149-150 

5 

5 

4 

163 

171 

171 

158 

Inactive 

144-145 

5 

3 

5 

155 

164 

164 

155 

Inactive 


6-10 

5 

4 

170 

174 

174 

165 

Inactive 


These findings are somewhat contradicted by the results of our studies on 2- 
ethyl-1, 4-naphthoquinone, which may show pressure-lowering qualities similar 
to those found with 2-methyl-l ,4-naphthoquinone. The former compound, 
however, requires relatively higher doses and it is not beyond any possibility 
that some 2-ethyl-l, 4-naphthoquinone may be transformed into 2-methyl-l, 4- 
naphthoquinone in the body of the animal (Almquist, 6). Substituted benzo- 
quinones and substituted naphthoquinones may produce somewhat similar 
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depressor effects. The only difference worth mentioning here is a difference m 
the time each of the compounds requires for its optimal effectiveness. The 
naphthoquinones seem to act more slowly than the benzoquinones and it is not 
thought that these differences are due to a different uptake by the tissues of the 
animals. Similarly where the effect of the benzoquinones lasts for two to three 
days, before returning to the previous high level, Menadione and 2-ethylnaph- 
thoquinone may act for a period approximately three times as long. 1 ,4-Naph- 
thoquinon^ is the only effective substance tested so far which does not possess 
all the structural qualities believed to be essential for the depressor action of the 
p-quinones. It should be pointed out, however, that naphthoquinone produces 
some toxic effects and that the difference between the lethal and the pressure- 
lowering dose is relatively small. _ j. j 

The studies on the influence of hydroquinones in hypertensive rats were started 
in the belief that hydroquinones might have blood pressure-lowering qualities 
to the quinones with the same type of structure. Such an assumption 
seemed to be justified since under different experimental conditions, e.g., in 
vitamin K deficiency, 2-methyl-l,4-naphthohydroquinone tetrasodi^ diphos- 
phate is about as active as 2-methyl-l ,4-naphthoquinone. Moreover, it was to be 
expected that substances so easily oxidizable as the hydroquinones should readily 
be oxidized in hypertensive animals and thus give the same type of quinones 
capable of lowering the blood pressure. A study of the table summarizing results 
in four different hydroquinones shows that none of the hydroquinones produces 
even the slightest lowering of the elevated blood pressure Since all the cor- 
responding quinones were of the active depressors (table) one may assume with 
some justification that exceedingly little if any oxidation of these hydroquinones 
could have taken place in our animals with experimental hypertension. It 
would, of course, be of the utmost importance to know whether, and to what ex- 
tent hydroquinones of the type used are oxidized to quinones by the normal or- 
ganism or whether the disturbance of the oxidation of certain hydroquinones may 
be a characteristic of hypertensive conditions. With the evidence now at hand 
no conclusive statment can be made. Very recent studies of Richert (7), 
however, show that one of the hydroquinones used, the 2-methyl-l ,4-naphtho- 
hydroquinone tetrasodium diphosphate must readily be oxidized in norma 
animals. Therefore, at least for the latter hydroquinone, there seems to be some 
basis for the assiunption of a disturbed oxidation in experimental hypertension. 

The exact mechanism of the depressor activity of the p-quinones is still ro much 
in the dark that it doesn’t seem to be very useful to discuss the many possibilities. 
It may be pointed out that Friedman et al. found that several benzoqumones 
which lower the blood pressure in hypertensive animals do not affect the blood 
pressure of normal, non-hypertensive animals when given in the same doses, a 
fact we confirmed with 2-methyl-l, 4-naphthoquinone. Also, that there seems 

® While this paper was being written, a paper (B. S. Oppenheimer, S. Soloway and B. E. 
Lowenstein, J. Mt. Sinai Hospital, N. Y., 11: 24. 1944) came to our attention, in which we 
noted that we had arrived at the same conclusions regarding «-naphthoquinone and Z,d- 
dime thy Inaphthoquinone as these authors did. 
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to be no parallelism between the depressor activity and vitamin K activity or 
between the depressor activity and the electropotentials of the particular com- 
pounds. 


SUMMARY 

1. The effectiveness of p-quinones in reducing the blood pressure of perineph- 
ritic hypertensive rats was found to depend on a certain chemical structure. The 
effective compounds possess 1 hydrogen and 1 alkyl radical on the same half of 
the oxidized benzene ring when the ring is imaginarily divided in the vertical 
direction. Compounds which do not have these essential groups and structure 
are ineffective. The composition of the radical may be of some importance, p- 
Benzoquinones and p-naphthoquinones show principally the same depressor 
activity except for the different time they need to reach their maximal effective- 
ness. 

2. The hydroquinones with the same alkyl substituents and the same type of 
structure are completely ineffective. Since hydroquinones may be oxidized to 
quinones in the body of normal animals, the ineffectiveness of hydroquinones on 
elevated blood pressure in hypertension suggests disturbed oxidation in hyper- 
tensive conditions. 

3. The differences in the depressor activity of different p-quinones seem not 
to be related to the different vitamin K activity or to the different electropotential 
of these compounds. 
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In these experiments the effect of hemorrhage and of infusions upon the blood 
vessels and blood flow of the mesenteries of 13 anesthetized dop was observ^ 
in transparent intestinal mesenteric chambers such as described by Zmtel (1) 
for the rabbit. The original rabbit type of intestinal mesenteric chamber has 
been modified to fit the dog by the present authors (2). 

Method. The smaller vessels of the mesentery were exammed and photo- 
graphed at magnifications of 200 and 400 diameters. The arterioles, capillanes, 
and venules were clearly visible, and especially their walls were distmctly s^n. 
So was the blood flowing through them. The larger vessels of the mesentery 
were studied at magnifications of 30 diameters with a binocular directing micro- 
scope. Measurements were made with an ocular micrometer of the diamters 
of both the smaller and the larger vessels before and after hemorrhage. In 
addition to single photographs, motion pictures were taken, i^noles smaller 
than 24,1 in diameter were not studied. Observations on the behavior of such 
smaller muscular vessels during acute hemorrhage have been previously descnbed 


by Zweifach, Lowenstein and Chambers (5). ^ 

The hemorrhages were produced as described by Kohlstaedt and Page (3) 
until the pressure fell to approximately 30 to 40 mm. Hg. It was kept at this 
level for | to f of an hour by further removal of blood, or by retummg blood. 

Six of 1 1 dogs* were not treated following the period of post-hemorrhagic hypo- 
tension, and all of them died within 1 to Ih hours after the onset of the hemor- 
rhages. Five were given infusions and survived for three hours, after which they 

were sacrificed. , . , , 

The rate of blood flow was determined by direct observation with the micr^ 

scope, usually at 200 magnifications. No attempt was made to measure the 
actual velocity of blood flow, but only to contrast by observation the rate of flow 
following hemorrhage with the control rate. 


> This work was aided by a grant made by Eli Lilly and Company to the Department 

of Anatomy of the University of Pennsylvania Medical School. 

‘ We are grateful to Dr. Kenneth Kohlstaedt and Mr. Clifford Wilson for allowing us to 
use, during the course of their experiments, 5 of their dogs in these infusion experiments, 
and for their assistance. 
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The dilution of the blood following heinoiThage could be seen dire(;tly with the 
microscope. This could be I’eadily detected because of the reduced rate of flow 
whicdi followed hemorrhage. 

In all of the dogs the blood pressure was measured by carotid cannulation and 
recorded by a kymograph. 

The dogs weighed l)etween 10 and 14 kilos, and were anesthetized by 30 mgm./ 
kgm. of pentobarbital injected intraperitoneally (11 cases) or intravenously (2 
cases), 1 to 3^ hours prior to l)leeding. 

Experimental. 1. Control observations. The mesenteric blood vessels in 
each of the 13 dogs were studied for periods of from 1 to 3 hours preceding the 
onset of liemorrhage. The larger arteries studied had diameters of from 0.39 to 
1.2 mm,, the largei- veins from 1.0 to 2.1 mm., the arterioles from 24 to 65g, 
and the venules from 10 to 120iLc. No record was mad(^ of caliber (dianges of 
arterial muscular x essels less than 24 m in diameter. During the control periods, 
none of tlu'se vessels changed aiiprecaably in diameter. 

Jn two additional dogs no hemorrhages were jiroduced, but instead, the vessels 
were studic'd as controls at int(‘r\'als over a total period of 10 and 11 hours re- 
specti\T4y. This was longer than the duration of any of the hemorrhage experi- 
iiKuits, yet no apprc'ciabk; changes were oliserved in the diameters of the vessels, 
or in tlie rates of flow through them. The flow was usually so rapid through 
art(U'ioles having diameters heiwvoii 40 and OO/u that its direction was difficult 
to determine wlaai tlie \'essels were (‘xamined at a magnification of 200 diameters, 
in the venul(\s of cor*resi)onding size it was fnHiuently almost as fast. It never 
was slow or pulsatile. 

2. The ([(feci of hemorrhage upon the blood vessels. The remoA'al of 1 to 2 per 
cent of the body w(4ght of blood causc'd no a|)preciable change in the diameters 
of th(' m(\Kentei’ic blood \(‘ssels. Following removal of larger amounts (2.5-5.5 
})er c(‘nt ), th(‘ lai’ger artei-ies (0.39-1.2 mm. diameter) constricted 20 to 00 per 
(•('lit and the smalk'r oik's (24 to (>5// diameter) usually to a like degree, though in 
SOUK' cas(is slightly moix'. An arteriok' illustrating such constriction is shown 
in figun's 1, 2 and 3. TIk? walls of the arb'ries and arterioles became noticeably 
thick(‘r at the tinu' of their constriction (tigs. 2 and 3). 

Studies ot the arterioles 24 to 05/i diaiiK'ter showed that in cases in which the 
dogs died as a I’esult of the hemorrhages, relaxation of the constricted state oc- 
curred only a short time Ix'foi-e death. In some instances relaxation was to the 
original diameters; in others it was not. Thus in one dog an arteriole having a 
control diameter of 48 m constricted to 0.5 its control diameter when the pressure 
rea(;hed 30 mm. Hg. Eleven minutes before death it had relaxed to its control 
diameter. In another dog an arteriole having a control diameter of 54 m con- 
stricted to 0.44 of this diameter as a result of hemorrhage. Sixteen minutes 
before the dog died, it relaxed partially to O.OO its control diameter. Death 
regularly occurred in untreated dogs shortly after the onset of arteriolar relaxa- 

3 In the case of these two dogs t he hemorrhages were produced by Dr. William M. Park- 
ins, with the assistance of Mr. L. II. Saxe and Miss Jeanne I^vans, to all of whom we are 
indebted. 
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Fig. 1, Photomicrograph of an arl iole, A , and vcmule, V, in a i)ort ion of a dog’s mesen- 
tery inclosed within an intestinal-mesenteric chamber. This photomicrograph was taken 
2 hours and 18 minutes after installation of the chamber, and shows the (control appear- 
ance of the blood vessels. The actual diameter of tlic arbudole was 36jLt. The blur in the 
arteriole is due to rapid blood flow. The difTerence in blurring in the vcmule indicates a 
slightly slower flow than in the arteriole, but still a rajud one. The mean blood i)ressure 
was 108 mm. Hg. XI 10. 

Fig. 2. Photomicrograph of the same vessels as in figure 1, aft(‘r removal of 2.5 per cent 
of the body weight of blood. The pressure when tdiis photomicrograph was taken was 
54 mm. Hg. The arteriole has constricted approximately 30 per cent, but the diameter of 
the venule has not changed appreciably. The flow in the arteriole at this time was de- 
finitely slower than the control flow, but still moderately rapid. The flow in the venule 
was much reduced, as shown by the incompleteness of the blurring. XllO. 

Fig. 3. Photomicrograph of the same vessels as in figure 1, taken following removal of 
blood to the amount of 3.5 per cent of the body weight. This reduced tlie pressure f-o 30- 
35 mm. Hg, at which level it had been maintained for 18 minutes before this photograph 
was taken. The arteriole is constricted, but the venule is not. The flow in the arteriole 
was slow and pulsatile at this time; in the venule there was hardly any movement of blood. 
In the venule the erythrocytes have formed clumps, which are made up of groups of cells 
in rouleaux. There is free plasma between the clumps. X 1 10. 
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tion. Reference is intended here only to arterioles having diameters of 24^t 
or more, since no attempt was made to study smaller ones. Within a minute or 
so following failure of the respiration intense constriction of the muscular vessels 
was observed. 

In many instances the larger veins (1.0 to 2.1 mm.) also constricted foUowing 
hemorrh^e, the degree of constriction being from 12 to 43 per cent of their 
control diameters. 

The venules (16 to 120m) did not constrict. In some cases their diameters did 
not change (cf. figs. 1, 2 and 3). In others they dilated to 1.1 to 1.2 times their 
control diameters after prolonged reduction of flow. 

The capillaries were not observed to constrict or to dilate. 

3. The effect of hemorrhage upon the blood flow. The initial removal of 1 to 2 
per cent of body weight of blood had little immediate effect upon the blood flow, 
except for a temporary slowing during the actual time blood was being drawn! 
Removal of blood in suflScient quantities to cause the pressure to fall to about 
90 mm. Hg produced a slight slowing in flow in all vessels. Removal of blood 
in sufficient quantities to cause the pressure to fall to between 40 and 30 mm. Hg 
was usually followed by marked slowing in flow. Figures 1, 2 and 3 show the 
effects of removal of various amounts of blood upon the blood flow. 

At 30 mm. Hg, a pressure produced in these experiments by removal of 3.5 
to 5.5 per cent of body weight of blood, the arterial flow was in most instances 
slow and pulsatile; individual red blood corpuscles could readily be observed even 
in the arterioles, in marked contrast to the control condition, in which the flow 
was so rapid that even its direction of movement was not obvious. Sometimes 
at this low pressure the arteriolar flow was intermittent. Stasis was frequently 
present in some of the venules. Where flow in the venules was present, it was 
extremely slow. The capillaries contained less blood than normal and the 
capillary bed was ischemic. In some cases there was temporary reversal of the 
normal direction of flow in the venules and capillaries — the corpuscles in these 
cases moving slowly toward the arterioles. 

The effect of respiration upon the flow in the arterioles and venules was fre- 
quently apparent at blood pressures of approximately 30 mm. Hg. During ex- 
piration the flow in the venules stopped, whereas during inspiration it moved 
forward slowly. The effect of respiration upon the arteriolar flow was the oppo- 
site. Thus inspiration decreased arteriolar flow, but increased venular flow. 

Some variation was observed in different animals, in rates of flow at the 30 
mm. level of blood pressure. Blood flow at this pressure was usually extremely 
slow, or, in many of the vessels, absent. In none was it rapid. In two of the 
dogs, however, moderate flow persisted until the pressure dropped to the low level 
of 18 mm. Hg. 

Wide excursions in arterial pressure recurring in waves were sometimes ob- 
served following hemorrhage. When the mean pressure at which such waves 
occurred was low, the arteriolar flow was seen to stop at the bottom of such waves 
(usually when the pressure at the bottom of the wave was 30 nun. Hg or below) 
and to be faster at the top. 
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4. The effect of hemorrhage upon the corpmde/ plasma ratio. Durii^ control 
periods, the red blood cells almost completely filled the venule, there being only a 
thin la^r of plasma between them and the vessel walls. Within 16 minutes fol- 
lowing removal of lai^e amounts of blood (usually 4 to 5.5 per cent of the body 
weight) the plasma/corpuscle ratio became much increased. Fewer red blood 
cells normal were present within the plasma at such times, and these cells 
were seen to be farther apart than usual. Thus the hemodilution that is 
known to occur in dogs after severe hemorrhage was observed in the vessels 

directly with the microscope. a + • i 

5. The effect of hemorrhage upon the color of the intestine and tongue. At arterial 
pressures of 30 to 40 mm. Hg the intestine within the ch^ber became bluish-red, 
in contrast to its normal pink color during control periods. At such low pres- 
sures the tongue became the same bluish-red color, and, like the intestme, 

appeared cyanotic. , t xu c j ■ t 

6. The effect of infusion at the end of the hypotensive period. In the 5 dogs imu- 

sions were given after the pre^ure had been kept at 30 to 35 mm. Hg for ^ to f of 

an hour. In one, all of the blood that had been removed was given back. In the 

other four, heterologous albumin was infused instead, the amount being that cal- 
culated to restore the osmotic pressure of the blood to its prehemorrhage IweL 
The total volume given was less than 100 cc. in all instances. In the dog in wmc 
all of the blood withdrawn was re-infused, the removal of 4.5 per cent of body 
weight of blood caused the pressure to fall to 30 mm. Hg. At the end of the half- 
hour period during which the pressure was maintained at this level, stasis was 
present in many of the venules, and blood fiow was extremely slow in all of the 
other vessels. The arteries and arterioles were constricted. The intestine and 
tongue were bluish-red. 

Intra-arterial infusion by the method described by Kohlstaedt and Page (3) 
was started. Within 5 minutes blood flow had begun in many of the v^ls in 
which there had been stasis, and it had increased in rate in others; within 10 
minutes the pressure had risen to 70 mm. Hg and the blood fiow was moderately 
rapid. At the end of 25 minutes all of the blood bad been given b^k. At this 
timft the blood flow had returned to the control rate. The arterioles were no 
longer constricted. The intestine and the tongue were pink. Normal blood 
flow vessel size, and color of the intestine persisted for at least 3 hours. The dog 
was then bled Again. Bemoval of only 3.26 per cent caused the arterial pressure 
to fall to 30 mm. Hg, from which level it gradually declined, and fell to zero one 
hour after the onset of the hemorrhage. FoUowing the second hemorrhage, the 
blood vessels and blood flow behaved as they did following the first, except that m 
addition there was partial arterial relaxation 10 minutes before death. 

Isosmotic albumin was given at the rate of 16 cc. per minute by intravenous 
drip to 4 dogs subjected to hemorrhage. FoUowing this, arterial pressure rose 
and blood flow once again became rapid. Likewise, the color of the mtestme ^d 
tongue changed from bluish-red to pink. The arteries and arterioles relaxed to 
0.8 to 0.9 of their control diameters. The least rise of blood pressure was to 70 
mm. Hg and the greatest to 118 mm. Hg. 
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In the first experiment, the dog and the albumin were both kept at room tem- 
perature. In the second, the dog was kept in a tent at 45°C. and the albumin 
infused was also at 45°C. 

The greatest rise in pressure (to 118 mm. Hg) and the most rapid rate of flow 
followmg albumin infusion was observed in the case in which the dog and the 
albuimn were kept at room temperature. The data suggest that albumin 
infusion at the end of a period of post-hemorrhagic hypotension of the 
degree and length described a^ve restores blood flow, causes constricted arteries 
and arterioles to relax, the blood pressure to rise, and the intestine and tongue to 
return to approximately their normal colors. 

Discussion. Severe hemorrhage causes constriction of both the large and 
small arteries and of the larger veins, but not of the venules or the capillaries of 
the dog’s mesentery. 

Constriction of the arteries and arterioles has now been observed in a number 
of animals following shock induced by various methods. Thus it has been seen 
in the mesentery of cats following application of limb tourniquets (4) and follow- 
ing burns (2), in the skin and viscera of rats after hemorrhage (5) and in the 
rabbit’s ear following intestinal manipulation (6). 

Freeman, Shaffer, Schecter and Holling (7) found that following hemorrhages 
the blood flow in the limb as measured by a plethysmographic method is reduced 
more in normal than in sympathectomized cats, suggesting that vasoconstriction 
may be a factor in reducing peripheral blood flow in hemorrhage. 

Page (8) reports that a vasoconstrictor substance differing from angiotonin 
appears in the blood within 5 minutes following rapid removal of 2 to 7 per cent 
of the body weight of blood, in a series of experiments in which no observations 
of the blood, vessels were made. It is significant to note that in the present 
experiments vasoconstriction was actually observed at a comparable period 
following hemorrhage. 

Hamilton and Collins (9) have presented evidence that an angiotonin-like 
vasoconstrictor appears in the blood following hemorrhage, and Huidobro and 
Braun-Menendez (10) report that renin can be detected in the systemic blood of 
dogs following removal of 4 per cent of the body weight of blood. 

In the majority of dogs in the present experiments, removal of about 5 per cent 
(sometimes more) of the body weight of blood from dogs anesthetized with 
pentobarbital lowered the blood pressure to approximately 30 mm. Hg, and was 
invariably fatal. In a few dogs removal of as little as 3.5 per cent was sufficient 
to lower the blood pressure to this level. In all cases the blood flow became 
slowed, but an occasional dog maintained a moderately good flow even at this low 
pressure. Thus blood pressure is not a constantly reliable index of peripheral 
blood flow. 

An interesting example emphasizing the unreliability of blood pressure alone 
as an index of peripheral blood flow is that described by Page, Kohlstaedt and 
Taylor (11) in which a man had taken arsenic for suicidal purposes. Despite the 
fact that arterial pressure fell to about 38 mm. mean pressure in the recumbent 
position, he felt well and was able to rise and walk without diflSculty. Flow to 
the peripheral tissue was not appreciably reduced. 
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A reduction in blood flow similar in degree to that found in the present acute 
hemorrhage experiments was also observed in the mesenteries of cats during shock 
produced by venous tourniquets and in bums (Page and Abell, 4; Abell and Page, 
2). More recently Chambers, Zweifach and Lowenstein (12) reported slowing of 
blood flow concurrently with fall in blood pressure in the mesoappendix of rats 
traumatized in the Noble-Collip drum. The terminal stage was characterized 
by stagnaticm, especially in the venous portion of the capillary bed, and by back 
flow from the veins. Levinson and Essex (6), using the transparent ch^ber 
technic developed by Clark, observed reduction in quantity of blood flowing in 
the vessels in chambers in innervated and denervated rabbits ears during shock 
induced by intestinal manipulation. 

It is interesting to note that following hemorrhages in rats sin^ar to those pro- 
duced in the present experiments in dogs, Zweifach, Lowenstein and Chambers 
(6) observed in the capillary bed an ischemic capillary circulation which was 
accompanied by vasoconstriction of the muscular vessels and hyper-reactivity to 
epinephrin. Thus at the time that the large blood vessels of the mesentery are 
constricted, as shown by the present experiments, the capillary bed shows in the 
rat a similar tjq)e of reaction, that is, one tending to restrict the flow through it. 
In our expteriments, as in theirs, no vasoconstriction or reduction in blood flow 
in the mesentery occurred until a blood loss of Slightly more than 2 i^r cent of 
body weight had been reached. This agrees closely with the observations in the 
rat mesoappendix (5), where no change in flow was observed until a blood loss of 
2.0 to 2.5 per cent. The backflow seen in the present dog experiments was also 
observed in the rat mesoappendix (5). Like the larger vessels in the present ex- 
periments, the terminal vessels in the rat remained narrowed and the circulation 
ischemic to within 10 to 15 minutes of death. 

Our observations were limited to the arteries and to arterioles no smaller than 
24/i in diameter. Shortly before death these were seen to relax. This invariably 
marked the onset of circulatory collapse. A similar relaxation of the smaller 
arterial muscular vessels was observed by Zweifach, Lowenstein and Chambers 
(5) in the late stages of circulatory coUapse induced by acute hemorrhage in the 
rat. They likewise observed constriction of the muscular vessels within a short 
time following cessation of the respiration. 

Thus a significant feature of the circulatory collapse following hemorrhage (the 
collapse which precedes faUure of the respiration) appears to be a relaxation of 
the arteries and arterioles, whereas a signmcant feature of earlier stages appears 
to be arterial and arteriolar constriction. A similar relaxation of the initial 
vasoconstriction occurred in the late stages of shock in cats subjected to venous 

tourniquets (Page and Abell, 4). i.- 

It has recently been reported by us (2) that the change in color of the intestine 
from pink to bluish-red seen following bums of the body surface is para,lleled by a 
simila r change in color of the tongue. In the present experiments, this was also 
found to be true following hemorrhages. Furthermore, a change in color back to 
pink occurred in both organs following infusion. 



RESPONSE OF MESENTERIC BLOOD VESSELS TO HEMORRHAGE 189 

In the four cases in which albumin was infused this was followed by a relaxa- 
tion of the constricted arteries and arterioles and the restoration of active circu- 
lation in the vessels of the mesentery. This persisted as long as studied (3 hrs.) 
and the changes observed compared favorably with the one case in which whole 
blood was the infusion medium. 


SUMMARY 

1. The method used in these experiments was to bleed the dogs acutely at short 
intervals until the pressure fell to 30 to 35 mm. Hg, and to maintain the animal in 
that state for 30 to 45 minutes. Direct microscopic observations of the vessels 
in the mesentery of the dog showed that the arteries (0.39-1.2 mm. control diame- 
ters) constricted 20 to 60 per cent following removal of 2.5 to 5.5 per cent of the 
body weight of blood. The arterioles (24-65/x diameters) usually constricted to 
a like degree, though sometimes slightly more. In many instances the larger 
Veins (1. 0-2.1 mm.) also constricted, the degree being from 12 to 43 per cent. 
The venules (16-120/i) did not constrict; in some instances they dilated to 1.1 to 
1. 2 of their control diameters. The capillaries were not observed either to con- 
strict or dilate. No measurements were made of arterioles having diameters of 
less than 24/i. 

2. At hypotensive levels of about 30 mm. Hg, produced in these experiments 
by the removal of 3.5 to 5.5 per cent of the body weight of blood, the arterial flow 
was usually slow and pulsatile. Sometimes it was intermittent. Stasis was 
frequently present in some of the venules. For the most part the capillary bed 
was ischemic. Some variation occurred, however, and an occasional dog main- 
tained a moderately good flow even at this low level of pressure, whereas in some 
instances a sluggish flow was present in the mesenteries of some dogs even when 
the blood pressure was as high as 60 mm. Hg. 

3. Following such large hemorrhages, direct observations showed that the 
corpuscles in the vessels were separated by more than the normal amount of 
plasma. 

4. At arterial pressures of 30 to 40 mm. Hg, the intestine became bluish red, in 
contrast to its normal pink color during control periods. 

5. Albumin infusions given into an artery after the pressure had been kept at 
30 to 35 mm. Hg for half an hour restored the blood flow, caused the constricted 
arteries and arterioles to relax, the blood pressure to rise, and the intestine and 
tongue to return approximately to their normal colors. This was similar to the 
changes observed when the blood previously withdrawn was returned.'* 
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It is gradually becoming more generally appreciated that the normal daily 
requirement of iron is very low, probably not exceeding 2 or 3 mgm. for adult 
males and is probably not in excess of 10 mgm. per diem in adolescents and adult 
women. However, during growth, pregnancy, excessive catamenic blood loss 
or following hemorrhage it is frequently necessary to administer iron. This 
may be needed to re-establish the normal reserve storage for later exigencies, or 
actually to supply enough of the needed element for the formation of normo- 
chronic red cells and for tissue needs. The literature abounds with expressions 
of opinion as to the relative merits of organic or inorganic preparations of iron; 
of soluble versus insoluble forms; and wth discussion of the question whether 
ferrous or ferric salts are more advantageously utilized. Recently we reported 
some preliminary studies on this latter subject in which it was found that ferrous 
salts were better absorbed and utilized by the body in time of need (6). We 
present here further results of these studies indicating that ferrous salts of the 
compounds investigated are much more efficiently taken up. Whether these 
observations are to be taken to indicate that in order to be absorbed iron must 
be converted into the ferrous form we are not prepared to say. Some investi- 
gators claim that the limiting factor involved in the absorption of ferric iron is 
largely the capacity of the gastro-intestinal tract to reduce the element. How- 
ever, it must be remembered that under any known conditions the overall effi- 
ciency of uptake is at best rather low. Only extraordinarily small and therefore 
therapeutically impractical doses of iron salts result in the absorption of more 
than 40 per cent of the administered dose (8). 

The radioactive isotope of iron lends itself admirably to use in absorption 
studies since it is possible to distinguish between iron recently introduced into 
the red cells through feeding of these tagged atoms and that which was already 
present in circulating hemoglobin. When radioactive iron is found in the periph- 
eral blood it is indisputably the material fed. For the purpose of quantitating 
results one must make the assumption that all or nearly all of the absorbed iron 
is used in the construction of new hemoglobin and not to any great extent stored. 

* This work was made possible through a grant from the Nutrition Foundation. 
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We believe that under the conditions of iron deficiency there is nearly complete 

utilization and a minimum of storage (9). 

In spite of the distinct advantage of tagged iron for use m these stuches it is 
not a simple matter to obtain clearcut evidence ^hen dealing with patients under 
ordinary hospital conditions. Some of the dfficulties enco^tered m our work 
may have been due to errors of nursing technique which are difiScult of confirm - 
tiom Others were due to the unsuspected presence of masked or quiescent 
pathology which complicated the picture. Even so, the evidence indicates that 
Le ferrous iron salts were handled more efficiently by these su^ts 
the corresponding ferric salts or ferric ammonium citrate. When foUow-up 
experiments were conducted in dogs whose iron deficiency anemia could be 
maintained under controlled conditions, and m which extraneous patho ogy 
could be ruled out subsequently by long observation, the results were indeed 

E^where we have reported studies relating to factors involved in absorption 
of iron by the gastro-intestinal tracts of humans and dogs (1,5). 

Methods. Methods for wet ashing of blood samples, separation and electro- 
plating of the iron and quantitative determination of the radioactivity have 
already been described (4, 9, 2). The iron isotope used was Fe« and beta emis- 
sion was measured. The material as received from the cyclotron contains very 
substantial amounts of radioactive impurities including phosphorus, m^ganese, 
cobalt, zinc, etc., which must be removed by purification procedures which have 
been described in detaU in another communication (2). Frequent radioactivity 
determinations were made of the material fed to demonstrate its purity by the 

adherence of its decay rate to the technical time of 47 days. 

Blood samples were taken in either isotonic sodium oxalate or in a dry mature 
of potassium and ammonium oxalate. They were centrduged in calibrated 
graduated 15 ml. tubes at a speed of at least 2800 r.p.m. for 35 mmute in a large 
(size 2) International centrifuge. The hematocnt was read and the plasma 
decanted The red cells were wet ashed and the concentration of radioactivi y 
per miffiliter of packed cells determined. Total mass of red c^s in the body was 
Limated on a basis of body weight assuming 80 ml. of whole blood pev kdogram 
and applying a correction factor of 0.75 to arrive at a value for red ceU mass 
nearer the true value (7). It was assumed that the red ceU w^ a linear 
function of the venous hematocrit (3). Est. red cell mass = (80) X (wgt. in 
kgm) X . (venous hematocrit) X (0.75). Total circulating radioactivity = 
(cone, radio iron in red cells) X (est. cell mass). Net circulatmg radioactivity - 
(circ. activity) — (residual circ. activity from previous feedmg). 

Net circulating radioactivity _ cent uptake. 

Total radioactivity in iron fed X 100 

The ferric ammonium citrate was prepared by dissolvmg tagg^ ferric hy- 
droxide in a minimum of saturated citric acid solution with the aid of heat and 

* We are indebted to the Brigtol-Meyera Company for apparatus used to make some of 
theae measurements. 
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subsequently adding an excess of ammonia. After driving off the excess NH| 
on a steam bath the material was dissolved in distUled water and fed. 

Ferrous salts were prepared by adding the desired acid to the ferric hydroxide 
and fur^er adding 3.2 mgm. of cevitamic acid for each milligram of iron present 
as previously established by analysis. In other instances it was felt advisable to 
eliminate any reaction which might be attributable to the cevitamic acid and in 
these instancy the iron in the desired salt form was treated with sulfur dioxide 
gas to reduce it and the excess sulfur dioxide removed by boiling. In the latter 
procedure the iron was fed immediately after reduction, to prevent excessive 
oxidation of the ferrous iron by the air. 

In nearly every instance the use of ferrous and ferric salts was alternated in 
order to control the experiments and to obtain the sharpest possible contrast of 
results. The pertinent hematological data and dosages appear in table 1. 
Following the first feeding in each case, blood samples were taken on the fourth. 


CROUP X 


H 


p CROupm 


a 


O.H. (24 Wo) V.C.(I5 V %) O.L. (26 V %) C,R.(27 V%) 


60 


60 


GROUPlL 


a 


PC. (41 V %) 



.40 


20 


P.H (35 V%) 


SHAOCO<reRROU5 IRON 
OPEN sFERRlC IRON 


i 





E.N.(l»Wo) E.M. (30 V%) VI.K.(27 V%) 


Fig. 1. Relative efficiency of absorption of ferrous and ferric iron in three groups of 
Hospital patients. V% = packed cell volume. 


sixth and eighth days. Utilization is usually incomplete on the fourth day but 
this sample affords an estimate of the rate of utilization (8). The isotope level 
in the red cells was usually taken the average found on the sixth and eighth 
days. The next feeding was always given immediately following the eighth 
day sample and the level as determined by the sample served as the baseline for 
determination of additional uptake due to this feeding. Similarly the third 
feeding was given on the eighth day following the second feeding. 

Experimental observations. The patients studied may be divided into 
three groups. The first comprises four colored patients (fig. 1) who were receiv- 
ing therapeutic doses of untagged ferrous sulphate orally during the investigation. 
In each case this was ordered discontinued on the day preceding that on which 
the tracer dose of radioactive iron was to be administered. 

It has been shown (8, 14) that as the dosage of iron is increased the percentage 
utilization decreases markedly. In this study we are concerned with the per- 
centage utilization of single doses of iron of the order of magnitude of the normal 
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daily intake. If, through an error, the subject were to rweive a ^erapeutac 
d(« Jof iron salt near the time of administration of the tracer non the effect woidd 
be to dilute greatly the radioactive iron and we should find a correspond^ y 
Zler percmtage uptake. In the case of 0. H. there was a discrepancy m the 
Tote, intotmg that the usual amount of thera^ho may ^ 
been administered on the day of the last radio iron feectog (fig. ^ J ^ 

might explain the lower uptake of radio iron m this mstance. Agam m the c^^ 
of V C. and E. R. (fig. 1, table 1), the second dose of tagged ferroiM sulphat 
was handled less efficiently than the first dose, m de^ee the 

apparent uptake with the ferric salt. That a ^ilar 

plL in these cases also cannot be ruled out. However, it ^ to be noted th^ 
Lh of these patients was subsequently found to have conditions ^ 

unfavorable to blood regeneration, the former a carcmoina of the 
the latter nephrosclerosis and acute ulcerative colitis. Of these four patients 
aL r.^?^mpucat«i iB ti..t of D. L. who .howed weU over tw.ce 
the uptake of ferrous iron as contrasted with the feme ammonium citrate. 


UJ 40 
X 
< 


20 



Jig, jfii. XbClOVXTV/ -- 

anemic dogs. V% - packed cell volume. 

At this stage of the investigation it was felt advisable to study the relative 
of aieee sate iu several staudardised dogs Th^ anuuals 
39-320 40-149, and 40-115 had been maintamed at anemia levels of from j t i 
fo3 Wood hemoglobin for periods of three, two and one-half and three year^ 
respectively by repeated bleedings. Their responses to iron, mduced hemolytic 
anemia (acetylphenyUiydratin), etc., had been repeatedly ^ j 

and they were in excellent clinical condition throughout and for ^e severa 

months foUowing these experiments di^g wWch ™ ° ^ Ph^ma 

They were maintained on a diet of hospital scraps fed 

volimie, hematocrit and hemoglobin determmations were earned out at w^^y 
intervals (9), sufficient time being allowed to elapse from any previous ble^g 
to permit stabiUzation of the vascular components. The tagged iron, m dos^ 
indicated in teble 1, was administered by gav^ about 

last meal and not less than three hours before food was given. Blood smplw, 
as in the case of human subjects, were drawn into isotomc oxal^ on the fo^, 
sixth and eighth days. Red cells were ashed, the iron separated, electroplated, 
and measurements of radioactivity carried out. 

In figure 1 and table 1 are shown the results of eleven ^ 

I and in each instance the utiUzation of ferrous iron was much greater than 



TABLE 1 


NAME 

AGE 

SEX 

WT. 

DIAGNOSIS 

BLOOD PICTDEE 

KADIO-IXON 7EEDINGS 

PEX 

CENT OF 
DOSE 
AB- 
SORBED 

Before 

After 

No. 

Dose 

Material fed 




RBC 

milliom 






kgm. 


Hb. 

grains 


mgm. 






Hct. 

% 





V. c. 

78 

Carcinoma of 

2.26 

3.1 

Ist 

8 

Ferrous sulph. 

43 


F 

stomach 

4.2 

4.1 

2nd 

7 

Ferric am. cit. 

10 




15.1 

19.4 

3rd 

11 

Ferrous sulph. 

10 

D. Lab. 

37 

Anteriorly 

4.0 

4.2 

1st 

8 

Ferric am. cit. 

20 


F 

placed uter- 

• 6.75 

9.8 

2nd 

11 

Ferrous sulph. 

43 


66 

us with sev- 

•26.5 

34.6 

3rd 

7 

F’erric am. cit. 

20 



eral irregu- 









lar masses 







E. R. 

33 

Duodenal 

2.84 

4.4 

1st 

8 

Ferrous sulph. 

78 


M 

ulcer 

7.5 

12 

2nd 

8 

Ferric am. cit. 

14 


62 


27 

39.4 

3rd 

11 

Ferrous sulph. 

15 

0. H. 

38 

Multiple preg- 

4.1 

5.2 

1st 

8 

Ferrous sulph. 

53 


F 

nancy iron 

5.7 

7.8 

2nd 

7 

Ferric am. cit. 

23 


56 

deficiency 

23.8 

32 

3rd 

11 

Ferrous sulph. 

22 

P. C. 

36 

Menorrhagia 

4.98 

4.68 

Ist 

9 

Ferric am. cit. 

10 


F 


13 

12.3 

2nd 

9 

Ferrous sulph. 

38 


52 


41 

38.5 

3rd 

12 

Ferric am. cit. 

2 

R. H. 

29 

Multiple preg- 

3.7 


1st 

49 

Ferric chloride 

10 


F 

nancy iron 

10.0 ] 


2nd 

49* 

Ferrous chloride 

22 


67 

deficiency 

35.0 

34.4 

3rd 

49 

Ferrous chloride 

20 

J. N. 

50 

Bleeding duo- 

1.86 

2.65 

1st 

15 

Ferrous chloride 

10 


M 

denal ulcer 

4.0 

5,5 

2nd 

15 

Ferric chloride 

2 


96 


11.3 

20.6 

3rd 

15 

Ferrous chloride 

12 

M. K. 

36 

Bleeding duo- 

3.42 


1st 

15 

Ferric chloride 

34 


F 

denal ulcer 

7.5 


2nd 

15 

Ferrous chloride 

80 


63 


27.0 


3rd 

15 

Ferric chloride 

18 

E. M. 

23 

Metrorrhagia 

3.8 

2.9 

1st 

15 

Ferrous chloride 

34 


F 


8.2 

5.7 

2nd 

15 

Ferric chloride 

17 


56 


30.3 : 

25.0 

3rd 

15 

Ferrous chloride 

55 

DOOS 









39-320 


Experimental 

Hct. 

19.0 

1st 

19 

Ferric chloride 

10 



hemorrhagic 

Hct. 

18.7 

2nd 

18t 

Ferrous chloride 

24 



anemia 

Hct. 

22.5 

3rd 

6 

Ferric chloride 

12 

40-149 


Experimental 

Hct. 

22.0 

1st 

34 

Ferric am. cit. 

9 



hemorrhagic 

Hct. 

13.4 

2nd 

9t 

Ferrous chloride 

39 



anemia 

Hct. 

22.0 

3rd 

9 

Ferric chloride 

3.3 


- 


Hct. 

27.2 

4th 

10 

Ferric chloride 

11 




Hct. 

18.3 

6th 

10 

Ferrous chloride 

26 

40-115 


Experimental 

Hct. 

27.0 

1st 

19 

Ferrous chloride 

44 



hemorrhagic 

Hct. 

21.6 

2nd 

18 

Ferric chloride 

24 



anemia 

Hct. 

28.4 

3rd 

9t 

Ferrous chloride 

60 


Given with meal of bacon, 2 eggs, French fried potatoes, peas, tea. 
t Iron reduced with SO 2 . 

Hct. ■« hematocrit reading. 
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that of the corresponding ferric salt. Also there 

in the response to iron reduced to the ferrous form by the addition of cevitamic 
acid as contrasted to that treated with sulfur dioxide. 

Since under well controlled conditions there did not seem to be a consistent^ 
better use of ferrous salts it was decided to study several subjects who couW ^ 
relied upon not to take any iron other than that given for tracer studies. Accord- 
ingly two young white women whose intelligence and dependability were 
tionible were studied (P. C. and R. H. fig. 1, table 1). In both instances ferrous 

utilized. ^ M K fig 1, group III and table 1) 

The last three cases (E. INJ., E. M. ana m. jx.., ug. i, 

were medical out-patients with typical pictures of iron deficiency anemia Du - 
ing the course of study they received no therapeutic In each c^e the 

ferrous salts were handled ivith greater efficiency than were the fernc salte. 

Discussion By determining the changes in level of serum iron the 

■ of fine and ferrous sate Heitaeyer and Plotoer (10) an«^« 

aS^his associates (13) have indicated that the latter salts are absorbed to a 
ereater degree. This method has decided limitation however smce it assum^ 
S ilattonships between the rate of absorption and rate of removal from the 

Some reported balance studies have tended to give false ^fo^^ion concern- 
ing the uptake of iron salts. Quite possibly this is due to the methods employ^, 
m detemination of iron in the presence of large ® 

and nhosDhates has repeatedly been shown to be extremely difficult, this h 
bin stSed S 1 earL comLnication (9). Most iron balance studi^ seem 
to err in the direction of positive balances. This might be explamed by the 
systematic loss of iron in ashing processes or in the incomplete determination of 
iron in the excreta due to interfering calcium and phosphorus compounds. ^ 
opntlv March et al. (11) reported studies of a group of normal young women 
whose’iron absorption was estimated by balance methods. They found as much 
I S to W per cent of administered iron (dose 30-50 mgm.) was absorbed. Th^^ 
also claim^ that this sort of positive balance existed with normal daily 
It can be seen that should this rate of absorption continue, these women would 
1 r age S fifty years have retained iron in amounts found only m hemachro- 
Itsis sffice tt capacity of the body to excrete iron is known o nearly 
negUgible. Such markedly positive balances 

ne^ds of time when the body reserves of iron have been depleted. As recent y 
pointed out by McCance and Widdowson, iron balance studies are generally 

useless (12). 

SUMMARY 

In a series of nine human subjects to whom iron tagged with radioactive isoto^ 

wi it app«m«l that the fenpu. iroB Zror”^ 

abaorbed aad subeequeBlly titiUaed than the oorreepoBdmg feme salt or feme 

ammonium citrate fed under the same conditions. 
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eleven experiments conducted on three dogs in which an iron deficiency 
aneihia of long duration had been established and maintained by bleeding, there 
was a considerably greater uptake of ferrous than of ferric iron. 

Individual response to a given dose of tagged iron is so variable that it is not 
feasible to study the relative utilization of different iron preparations in different 
subjects. It is necessary that studies be controlled in the same individuals to 
eliminate this source of error. 
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Our previous method of graded hemorrhage and transfusion 
mainly in order to test the value of different plasma substitu^ (3-5, 9, 11). 
The differentiation between blood substitutes and plasma substitutes is im- 
portant. There is no known blood substitute, but a number of plasma substi- 
tlites are being used or considered. One disadvantage of the previoi^ method of 
producing shock by graded hemorrhage for assaying a pl^a substitute was 
Ea hi^ degree oi anemia was produced by repeated ble^mg. It is apparent 
that while a plasma substitute may overcome the effects of ohgemia and plasma 
loss ’it cannot overcome those of profound anemia. This w^ apparent m some 
of our early experiments in which hematocrit and hemoglobm fell to W 
levels foUowing the repeated hemorrhage. Since our studies were directed at an 
evaluation of plasma substitutes, it seemed more logical to prevent a Profound 
anemia which might affect the results adversely, 

removed at the bleeding was added to our experiment^ procedure. The 
of the test material thus became a matter of substitutmg the test ^ 

the plama removed at the hemorrhage. As will be seen later, some r^ ceU 
loss was unavoidable, because part of the red cells from each hemorrhage had to 
be retained for various analyses, but no serious anemia was ever produc^. 

Methods. Unanesthetized dogs were prepared under local 
thesia. One carotid artery was used for the continuous recording of blood pr^- 
sure with a glass capsule or mercury manometer. Hepann was used ^ an anta- 
coagulant. One femoral artery was cannulated for the withdrawal of blood 
and^ne femoral vein for the infusion. The other femoral vein was exposed for 
direct injection of Evans' blue for the determination of 
following determinations* were carried out at intervals; hemoglobm 
sedimentatioarate, total plasma proteins, albumin and globuhn artenal p asma 
COs content and plasma volume. Blood volume was calculated from plasma 
vE:t the usual way. Hematocrit was corrected for the 
Chemical determinations were carried out on arterial blood. The dog was re- 
strained only as much as necessary. Small amounts of procaine were apphed 

1 A preliminary report was published in the Federation Proceedings (1) and by the 

^*TWs*!rMnras dMe'^nder^th^ auspices of the Committee on Research in Shock, of the 
Milael Reese Hospital, and was supported the Michael ^ese Rejmxh^^^^^^^^^ 
and a grant from the Edible Gelatin Manufacturers’ Research Society of America, Inc. 

* For the chemical methods used, see (9) . 
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to the incisions when required. Twenty-five, 23, 21, 19 and 17 per cent of the 
onginal measured blood volume was withdrawn at hourly intervals. One per 
cent of the original blood volume was retained at each hemorrhage and one per 
cent was retained at each infusion for determinations, and not returned to the 
animal. Thus a total of 10 per cent of the original blood volume was withheld 
The rest of the blood (i.e., 23, 21, 19, 17 and 15 per cent of the original blood 
volume) was returned to the animal § hour after each hemorrhage. The blood 
was centrifuged and the plasma and packed cells were infused separately. This 
was done in order to simulate conditions in experiments with infusion of saline 

or of plasma substitutes, but it was found that this part of the method was not 
essential. 

Probability of survival. Despite attempts to standardize the conditions for 
producing shock by hemorrhage, the individual variability of the dog is so great 
that the evaluation of any shock combatting agent is difficult and inaccurate. 
Others and we have tried to overcome this variability by taking into account 
individual determinations in the animal such as blood pressure, plasma CO 2 , 
hematocrit, blood potassium, bleeding volume, bleeding time, blood volume, etc! 
(3 5) , others have refused to accept any of the above criteria and have relied 
on the time of terminal issue and on typical autopsy findings. None of the 
above methods allows for a simple evaluation of the condition of the experimental 
animal before death and autopsy (6-8). 

From a review of the available methods and from our own experience, we con- 
cluded that it w'ould be most desirable to know" at the beginning of the experi- 
ment which animal would five and which would die with or without therapy. 
If we could account at the beginning of an experiment for the variability of the 
animal, we thought w-e might more quickly and more accurately assay a thera- 
peutic agent. 

We have, in the past, attempted to evaluate the animals’ resistance to shock 
by many of the above means. Like others, we found that blood pressure was in 
general unreliable as an early indication of impending shock, or even of shock. 
Of all the determinations we have found that the plasma CO 2 content showed the 
closest correlation to the subsequent course of the experiment (3-5). This is to 
be expected, for plasma CO 2 is probably an expression of a number of vital factors 
in the condition of the animal in impending shock or in shock, such as circulation, 
state of hypoxia, tissue oxygenation, acidosis, and organ function, particularly of 
liver and kidney. 

The product of the arterial plasma CO 2 content in volumes percent and of the 
maximal blood pressure in millimeters of mercury, both taken thirty minutes after 
the first hemorrhage, appeared to correlate even better with the length of survival 
of the animals. We have called the above product the “Factor of ProbabQitv of 
Survival” (F. P. S.). 

Results. The data on CO 2 , blood pressure, F. P. S. and survival time of 41 
dogs presented in table 1, have been subjected to statistical analysis and the 
following results were obtained.* 

‘We are indebted to Mr. Herbert Silveretone from the Department of Cancer Research 
of Michael Reese Hospital for the analysis. 
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TABLE 1 


kAnuiu X 

ProbaUlity of mrvival of dogs subjecUd to repeated graded ^rrhage, hypotaaeion and 
reirtfuBion with their own blood 

(Arranged according to arterial plasma CO. content and factor of probability of survival. 
'■ ® oA offiBir first hemorrhage) 


B.P. MM, Hg 

Ov XJ 

rAcron or 

pmOBAMLlTY OF 
STJBVIVAL : 

BOIS. OF 8UBVIVAI. 

B.P. MM. Hg 

FACTOE OF 
PKOBABILITY OF 

sxntvivAL 

HBS. of StJEVIVAL 
fbom beoinmino 
ofexpebiment 

30 minutes after 1 

Ist hemorrhage 

OF expewment 

30 minutes after 1st hemorrhage 

COi 11.3-14,9 vol. % 


COj 25-29.9 vol. % 



56 

97 

94 

125 

767 

1280 

1307 

1413 

2 

2 

4 

3 

46 

58 

61 

80 

75 

1288 

1438 

1708 

2006 

2138 

/ 

3 

13 

48 

3 

13 

COi 15-19.9 vol. % 

82 

2312 


48 

48 

66 

74 

80 

859 

1069 

1184 

1312 

2 

2 

3 

84 

102 

112 

2335 

2560 

3069 


13 

48 

1.5 

COj 30-34.9 vol. % 

98 

90 

1460 

1719 

1 

3 

78 

74 

2293 

2300 


48 

13 

CO» 20-24.9 vol. % 

68 

2312 


4 

42 

60 

56 

82 

865 

1130 

1148 

2 

3 

48 

81 

104 

120 

2770 

3224 

4116 


lo 

48 

48 

1599 

13 

COi 35-39.9 (one 42.6) vol, % 

70 

78 

86 

102 

97 

92 

1631 

1708 

1972 

2009 

2018 

2107 

4.5 

4 

48 

48 

13 

2.5 

44 

63 

72 

77 

80 

105 

1712 

2180 

2760 

2834 

3088 

4473 

48 

13 

48 

48 

48 

, 


TABLE 2 

Analysts of the average values of table 1 


COi 

NO. OF DOGS 

B.P. MM. Hg 

FACTOE OF 
peobabidity 
OF STJEVIVAL 

HOTTES 

STJEVIVAL 

PEE CENT OF ANIMALS 

Died during 
cxpt. 

Died during 
night 

Surviv. 

indefinitely 

Vol.% 

11.3-14.9 

16.0- 19.9 

20.0- 24.9 

25.0- 29.9 

30.0- 34.9 

36.0- 39.9 
(one 42.6) 


93 

76 

76 

78 

87 

74 

1 1192 

1267 
1618 ' 
2104 
2836 
2840 

2.8 

2.1 

18.6 

26 

29 

42 


0 

i ^ 

20 

33 

33 

17 

0 

i ^ 

30 

45 

50 

83 
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Blood pressures (taken 30 min. after the firet hemorrhage) and survival times 
showed a poor correlation. This is evident for the case of the actual pressures 
from sunple inspection of the data of table 1 and the summary in table 2. Eight 
experimental animals with a maximal blood pressure of 80 mm. Hg or more 
failed to survive the experiment, while three other animals with blood pressures 
of 40 to 60 mm. did survive the experiment. There was some correlation be- 
tween actual blood pressure and survival when the 41 experiments were divided 
into 2 groups; this correlation was improved slightly, when blood pressures were 
expressed as percent of the control values.^ Yet, the degree of correlation was 
so small that it was evident that blood pressures (actual or in percent of the 
controls) taken 30 minutes after the first hemorrhage, could be of value in pre- 
dicting the ultimate survival of a number of animals in very large series of experi- 
ments only. 

CO 2 values and survival times gave an excellent correlation insofar as there 
was an unquestionable upward trend in probability of survival with increasing 
CO 2 values. This is shown clearly in tables 1 and 2. No animal with a CO 2 
below 20 survived the experiment. Above 20 vol. percent there was a practically 
arithmetic increase of survival time. When the animals were grouped according 
to CO 2 values, the following data were calculated with the chi square test: 

9.44, df = 2, and P < 0.01 (Fisher). There is therefore a statistically significant 
correlation between the CO 2 and the probability of survival. The F. P. S. 
showed as comparable a correlation Avith sunfival time as did the CO 2 . This is 
somewhat surprising, since blood pressure had a wide spread in scattergrams 
and had a poor correlation with survival times. This, we believe, can be ex- 
plained to a great part by our observation that, in a number of cases, the F. P. S. 
predicted the ultimate outcome of the complete experiment (5 hemorrhages) 
better than the CO 2 value; i.e., in animals with relatively good CO 2 values but 
with poor blood pressures, the F. P. S. was low, indicating a poor chance for 
survival. The F. P. S. seems to be about 10 per cent better in predicting the 
outcome of an experiment than the CO 2 value. This difference is not apparent 
in the statistical treatment of the data. Yet, on biological grounds, we feel 
that in some instances in the presence of a good blood pressure, despite a rela- 
tively low CO 2 , the animals recover. For that reason we are continuing to use 
the F. P. S. as a means to predict the chance of survival of a dog following 5 
graded hemorrhages. The data on table 3, arranged according to the F. P. S., 
illustrate the preceding statement. ’ 

It is seen that with a F. P. S. below 1,700, only one out of 16 dogs survived 
more than 24 hours, whereas with a F. P. S. above 3000, all 5 animals lived more 
than 24 hours. The range of the F. P. S. between 1,700 and 2,300 or 1,700 and 
3,000 seems to be the most favorable zone for the assay of plasma substitutes. 

Table 4 presents the results of 10 experiments on repeated hemorrhage and 
reinfusion of 0.9 per cent saline solution and the dog’s own red cells. None of the 

* A high degree of correlation between the actual and the per cent of the initial blood 
pressurea at 30 minutes after the first hemorrhage was found. Some animals had rather 
high control blood pressure. 
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nnimnlH survived the experiment regardless of hi^ values for CO* and the 
F. P. S., although there was evidence of greater resistance when CO* values and 
the F. P. S. were higher. It is worth noting that only dogs with good CO* values 
and a high F. P. S. were used in this group. 

Discussion. The results presented demonstrate several facts. 

1. Blood pressures, 30 minutes after a hemorrhage of 25 per cent of the total 
measured blood volume, are a poor index of the condition of an animal and of 
the prognosis. 

TABLE 3 


Summary of data of table 1 showing relation between factor and periods of survival 


FACTOR OF PROBABIIITY Of SURVIVAL 


SURVIVAL 

Below 1,700 

1,700-2,300 

1,700-3,000 

Above 3,000 

1 Died before fifth infusion (4 J hrs . ) 

13 

4 

5 

0 

n 

2 Died during night (13 hrs.) 

2 

3 

6 

U 

1-1-2 Survived less than 24 hours. . . . 
3 Survived -f 24 hours 

16 

1 

7 

5 

11 

9 

0 

5 


TABLE 4 


Factor of probability of survival in dogs subjected to repeated graded hemorrhage, hypotension 
and infusion with saline solution plus their own red blood cells 



DOO 

BLOOD 

VOT.TTlfF 

COa (arterial 
plasma) 

BLOOD 

pressure 

factor of 

PROBA- 

PERIOD OF 

EXP. NO. 

Sex 

M. F. 

Wt. 

CONTROL 

(EVANS 

blxte) 

Control 

30 minutes 
after first 
hemor- 
rhage 

Control 

30 minutes 
after first 
hemor- 
rhage 

BILITY OF 
SURVIVAL* 

SURVIVAL 

1 

" 

M 

kgm. 

13.2 

cc, 

1490 

Vol 

60.0 

% 

28.6 

nm 

190 

. Hg 

68 

1938 

Hemorrhage 3 

2 

M 

10.8 

963 

44.1 

23.3 

130 

92 

2143 

Hemorrhage 3 


F 

12.0 

1274 

46.6 

22.9 

184 

106 

2404 

Hemorrhage 3 

O 

4 

M 

11.4 

1366 

47.9 

27.7 

128 

90 

2493 

Hemorrhage 4 

6 

M 

11.6 

1190 

39.6 

27.7 

164 

106 

2909 

Hemorrhage 4 

6 

7 

M 

8.2 

976 

36.4 

26.1 

188 

116 

3002 

Hemorrhage 4 

M 

8.3 

771 

61.2 

39.7 

160 

86 

3404 

Hemorrhage 3 

8 

9 

10 

F 

14.2 

1646 

46.0 

36.9 

208 

114 

4207 

Hemorrhage 6 

F 

16.4 

1920 

47.0 

35.4 

174 

147 

6204 

Hemorrhage 3 

M 

7.6 

820 

46.6 

42.0 

166 

130 

6460 

Hemorrhage 4 


* Blood pressure X CO*, 30 minutes after hemorrhage 1. 


2. The arterial plasma CO* content taken at the same time is a reliable index 
of the condition of the greater number of animals and of the prognosis. 

3. The product of both values, i.e., of the average maximal blood procure 
and the arterial CO* content after the first hemorrhage of 26 per cent of the 
blood volume, correlates as closely with the subsequent survival of animals si^- 
jected to repeated graded hemorrhages and reinfusion of blood as does the CO*. 
This product of blood pressure and CO* has been named the “Factor of Prob- 
ability of Survival” (F. P. S.). The F. P. S. seems to have an advantage over 
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the CO, values aJone in a number of cases, and its use is being continued, although 

statistical significance in relation to 

4. With reinfiBion of blood after 5 graded hemorrhages and 5 periods of thirty 
mmutes each of relative hypotension and hypoxia, animals will survive only 
when t“ew CO, values are above 20 volumes percent, or when their F. P. S. is 
above 1,700 rone exception for the F. P. S. in 16 tests). On the other hand, all 
animals with a F. P. S. above 3,000 survived. 

5. In similar experiments where 0.9 per cent saline solution replaced the plasma 
and where most of the red cells were returned to the animal, none of the 10 dogs 
survived the experiment. This occurred even though the F. P. S. and the CO, 
values m most dogs were relatively high. 

The imtid bleeding of 25 per cent of the determined blood volume and the 
succeedmg half hour oligemic period constitute a “provocative test.” In an 
animal with good reserves and good resistance there will be little effect from such 
a procedure (e.g., expt. 9, table 4). On the other hand, in an animal with poor 
reserves ^d low resistance, this procedure may cause definite shock (e.g., expt. 
1, teble 1) Approximately half of the animals in tables 1 and 3 with a good 
t . f'. b. (1,700-3,000) and all animals with a F. P. S. above 3,000 may not have 
been in shock or even in mipending shock at any time of the experiment (e g 
in the third dog of the group with CO, 25-29.9 in table 1). It must be stressed 
hwever, that the ultimate survival of animals even with the best values for 
(./U 2 or h.F.S. depends on the nature and effectiveness of the reinfusion fluid. 

We conclude therefore that we have in the “provocative test” and in the CO, 
values and the F. P. S. a means of predicting early in the experiment whether an 
aninial is likely to develop shock, and what its chances of survival will be if whole 
blood IS the infusion fluid. With this established as a base, we can then evaluate 
a plasma substitute of unknown efficacy. The CO, or F. P. S. values also tell 
us whether an animal will be useful for a given experiment, for if the CO, or the 
K w B *^own procedure will save the animal. We have used 

t e F. P. S. in the evaluation of gelatin as a plasma substitute and our experience 
h^ been gratifying (2, 10). We are also able to classify our experiments 30 
minutes after the first hemorrhage and then choose the infusion fluid or other 
therapy. We thus do not have to reject experiments after they are completed 
and after a postmortem has shown absence of typical findings (7) or if other aber- 
mtions have become apparent (8). We believe that a series 6f 10 dogs with a 
CO, between 25 and 35 volumes per cent or with a F. P. S. of between 1,700 and 
3,000 can yield adequate information about the value of a plasma substitute. 

The CO, or the F. P. S. provide a measure of the individual differences in 
animals or m groups of animals, due to varying degrees of hydration, disease, 
sex, age, resistance to trauma or hemorrhage and to seasonal effects. The latter 
factor is of interest, because we have encountered certain weeks or months when 
a large proportion of dogs had either low or high CO, values or factors, which 
seemed to depend partly on the weather and on the degree of hydration of the 
aniinals. By classifying and grouping experiments, so that animals of similar 
levels of shock resistance ate compared, we can more accurately evaluate a plasma 
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substitute or other therapy. 

ence in value of the two agente is the error due to 

unless large ninnbers of a^aJs ® or the F. P. S. is not a 

individual variations. We realize a reserves and resistance to 

highly accurate apace, etc., 

tti6h^^wve’'rr mSI.’T predictiug the reeiatance ol giveu auimd to 

graded hemorrhage. , imnrove the F. P. S. before 

“r «.ut.l *e aulrua. ^ Hood loae. 

T?hSS‘SfrJe“''provocattve teat,-' and a formula comparable to the 

F. P. S. can be developed for m^. , ^-rrhacic shock has been denied by 

The value of salme m the treatment others). Warren et al. 

many (4, 6, 11) and supported by a ew amounts leading to edema 

Z'ZCZ *“rani:^ar m believe that saline has little value in 
the treatment of shock from hemorrhage m dogs. 

SUMMARY AND CONCLUSIONS 

. jpeS 

afT^ hall’ hoir ^rlod of relative l>yg» oUlTanT 

foUowed by reinfusion of respectively 23, 21, 19, 17 and per 

drawn heparinized blood. bleeding was of little 

y^ ^'d^o?r =^dSr:' oiraLal or the pro^cele ae to 

survival. ,.rvntpnt i hour after the first bleeding was 

touud to pardlel roughly the l^f o^*e do^. 

The product of the marmal origiual blood givee a 

content 30 minutes after withdra subiected to repeated graded 

value which paraUels the length of sumva » g J than the CO 2 

red'r^F- rproLbaty of sumv... 

‘^I^gfith a low F. P. 

per cent) did not survive the ^ ^ values between 20 and 

blor^ 24 hour.. 

With a F. P. S. above 3,000 all animals ^eUs (i.e., replacing 

Infusion with jjogs beyond the duration of the 

^SmTht" (3.0«b-6,460) aud relatively high CO, 

values (in 7 out of 10 dogs). / 
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The CO2 and the F. P. S. give us the means to predict the probable course of 
the experiment and the value of a plasma substitute, and to classify individual 
animals according to their resistance to shock. 
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The reactions of animals exposed to oxygen at high pressure leave little doubt 
that the central nervous system is profoundly affected under such conditions, 
especially when the O* pressure employed is above three atmospheres. 

In addition to convulsive attacks, numerous lesser manifestations of nervous 
involvement occur such as hyperexcitability, disturbances in equilibrium, hy^- 
tonicity, states of stupor and coma. Most animals possess a striking capacity 
for recovery but such recovery is rarely immediate on return to the normal en- 
vironment so that in the post-decompressional period very obvious abnormal 
states persist for periods of a few minutes or hours up to several days, depending 
largely upon the severity of the exposure and the susceptibility of the animal. 
Occasionally after an initial but partial recovery various types and degrees of 
dysfimction are retained permanently, among these the most notable are sp^tic 
paral3^es suggestive of C. N. S. damage. These post-decompressional manifes- 
tations of C. N. S. involvement can be augmented by short exposures to high 
O2 pressure repeated at appropriate intervals (Bean and Siegfried, 1943 ) which 
indicates that these residual effects have a cumulative influence. 

These results suggest that perhaps exposures to O2 at high pressure which 
were insuflflcient to induce any overt residual effects might still alter some of Ae 
higher C. N. S. fimctions. Experiments were therefore carried out to determine 
whether this does occur. 

Method. The experimental animals chosen for this study were young albmo 
rats The C. N. S. functions selected for investigation were those of learning 
and memory. The Lashley Maze III (Lashley, 1929 ) was employed to test 
these functions. 

The exposures to the increased O2 pressure took place in a pressure chamber 
provided with a device for continuously circulating the O2, and particular care 
was taken to eliminate the possibility of an accumulation of even very small 
amounts of CO2 within the chamber; to this end soda lime was spread over a large 
area of the chamber not accessible to the animals, in addition to the CO2 ab- 
sorbent contained within the cartridge of the ventilating device. 

In order to ensure high concentration of the O2 and to eluninate any possible 
danger of nitrogen bubble formation on decompression, pure O2 (U.S.P.) was 
used and the chamber thoroughly washed free of air by a rapid flow of O2 from 
the supply tanks before the chamber pressure was raised. The chamber tem- 

» Preliminary Report in Proc. Soc. Exper. Biol, and Med. 64 ; 134, 1943. 
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perature was held at approximately 25°C. The O 2 pressure employed was for 
the most part slightly in excess of five atmospheres absolute. 

The use of the maze for testing the animals made it imperative that the ex- 
posures to Oj at high pressure be so regulated as to avoid the induction either of 
any motor disability which might interfere with the animals’ locomotion or any 
other adverse effect such as pronounced pulmonary damage or gastrointestinal 
disturbance which might alter the animals’ motivation in the maze. The dura- 
tion of the exposures was therefore short. Based on the observations in earlier 
experiments the upper limit of exposure time was arbitrarily set at 15 minutes, 
but because some of the animals were convulsed even in less than this, the dura- 
tion of some exposures was less than 15 minutes. The regulation of the exposure 
time therefore necessitated the constant observation of the animals by the 
operator, stationed outside the chamber. In spite of these precautions to pre- 
vent convulsive seizures or other overt manifestations of O 2 poisoning some 
seizures did occur due to the unpredictable reactions of some animals, especially 
in the first few of a series of successive exposures. Although convulsive attacks 
might be avoided in the period of maintained high pressure, they were peculiarly 
prone to occur during decompression, which introduced a complication in the 
prevention of such attacks. In order to eliminate the possibility of O 2 emboli, 
decompression was carried out in stages over a period of time about equivalent to 
the stay at the increased pressure. 

Except in the preliminary exploratory experiments, the animal to be tested 
was subjected to a series of 16 exposures made over a period of 9 days, but with 
no more than 2 exposures per day. One day of rest followed the last of each 
series of 16 exposures before the animal was subjected to its test in the maze. 
Thus 10 days elapsed between beginning the O 2 exposures and beginning the maze 
run. This interval of one day’s rest between the last esposure to O 2 and the 
maze test was necessitated by the finding in the first few preliminary experiments 
that although anunals may have shown no convulsive seizures or obvious motor 
disabilities while under the increased O 2 pressure, they commonly presented the 
appearance of being mentally confused and dazed during decompression or after 
their return to their normal environment and when placed in the maze refused to 
run for several hours or half a day. 

Procedure in the deteminoMon of the effects of high O 2 pressure on learning. In 
the learning tests 31 young adult rats selected from the stock of the Psychology 
Laboratory were divided into two groups; one, of 16 animals to be used as the 
test group (A) and the other of 15 animals to be used as the control group (B). 
Both groups were treated in the same way throughout except that the animnlg of 
the test group were subjected to a series of 16 exposures to O 2 at high pressure 
before learning the maze. 

The criterion of an animal’s having learned the maze was arbitrarily chosen as 
10 errorless runs in 10 trials in the maze, on each of two successive days. The 
indices of facility in learning selected were: (1) the m inim um number of trials 
necessary to attain the designated criterion of having learned the maze, and (2) 
the number of errors made in that learning. 
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The learning procedure used for both the test and control groups was as follows; 
The animals were fed in the food box of the maze for 10 successive days to ac- 
custom them to handling, a 24 hour feeding schedule, and to esta,bhsh the food 
association. Maze learning was then begun by giving each animal one tn^ 
in the maze on the first day of the learning period, 2 trials on the second day, 3 
trials on the third day, 4 on the fourth day, and 10 trials on each succeedmg day 

until the designated learning criterion was reached. 

Test group procedure: The animals in the test group (A) after having h^ 

10 days of feeding in the maze food box, were subjected to the increase O 2 
pressure in a series of 16 exposures over a period of 9 days as mentioned above, 
avoiding so far as possible convulsive seizures. After resting in their home cages 
on the 10th day they were started learning on the 11th. The maze learning 
procedure was the same as that described above. The number of tnals and 
errors made in reaching the criterion was recorded for each animal. The pro- 
cedure for the control group (B) was identical except that they rested while the 
test group (A) was exposed to the increased O 2 pressure. 

Procedure for determining the effects of high O 2 pressure on memory and retention. 
In the memory and retention tests those animals which had served as the controls 
(B) in the learning experiment and which had therefore already learned the maze 
were subdivided into two groups: Control group (C) made up of 7 animals, and 
test group (D) of 7 animals. (One of the original 15 anunals in the control 
group (B) for learning was accidentally lost.) After having ascertained that 
both the control and test groups (C and D) had agam reached the designate 
criterion following the learning test, each animal of the test group (D) was sub- 
jected to a series of 16 exposures to the increased O 2 pressure in the same manner 
as employed in the learning tests, and after the interval of one day rest was sub- 
jected to the maze on the 11th day to determine retention of the maze habit. 
The total number of trials and errors made in again reaching the cntenon was 
recorded. Each of the animals of the control group (C) was similarly treated 
except for the omission of the exposures to increased O 2 pressure. 

In order to supplement the data on retention and memory provided by groups 
C and D, other rats, which had previously learned the maze in another connec- 
tion but which had not been exposed to increased O 2 pressure, were employed. 
These nnimnls were brought up to the designated criterion of maze mastery an 
then were divided into two groups, control group E, of 8 animals, and test group 

F, of 9 animals. • r 

Each of the animals of the test group (F) was subjected to a senes of 16 ex- 
posures to increased O 2 pressure just as had been those .of test ^up CI>).ab« 
following the customary day of rest was tested for retention of the maw habit. 
The control group (E) was similarly treated except for the omission of the ex- 
posures to the increased O 2 pressure. 

Results. 1 . The effects of successive exposure to O 2 at high pressure on learning. 
The data on the total number of errors and trials made in learning the ma^e by 
the control group of animals (B) and the test group of animals (A) are shown in 
tables 1 and 2. 
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These data show that exposure to O 2 at high pressure as carried out in our 
experiments had no significant effect on learning as judged by two indices! (1) 
total errore iwrformed in reaching the criterion and (2) the total trials needed to 
reach the criterion. 

2. Effects of exposure to O 2 ut high pressure on retention and memory. In con- 
trast to the absence of any significant effect of exposure to O 2 at high pressure 
on learning, the effects of such exposure on memory and retention were quite 
pronounced as is shown in the data summarized in tables 3 and 4. 

In the first test group (D) the mean number of trials to regain the criterion of 
2 errorless days on 2 successive days following the exposure increased O 2 pressure 


TABLE 1 

The effects of exposure to high O2 pressure on learning as judged by the number of errors made in 

reaching the criterion 


GXOUP 

NUMBEK 0? 
ANIMALS 

NO. OF 
EEBOSS TO 
BEACH THE 
CBITEBION 
OF 

LEABNING 

MEAN DIFF. 

DEGBEES OF 
FBEEDOM 

fisheb’s t 

PBOBABILITY 

OF 

OCCUBBENCE 
BY CHANCE 




i 



% 

Test (A) 

16 

51.2 

2.3 

29 

0.154 

88 

Control (B) 

15 

48.9 






TABLE 2 


The effects of exposure to high O2 pressure on learning as judged by the number of trials made 

in reaching the criterion 


GBOUP 

NUMBEB OF 
ANIMALS 

NO. OF 
TRIALS TO 
REACH THE 
CRITERION 
OF 

LEARNING 

MEAN DIFF. 

DEGREES OF 
FREEDOM 

1 

fisher’s t 

PROBABILITY 

OF 

OCCURRENCE 
BY CHANCE 







% 

Test (A) 

16 

51.9 

-5.4* 

29 

0.563 

58 

Control (B) 

15 

57.3 






* The trend is the opposite of that found for errors, i.e., the test group took fewer trials 
to reach the criterion hence is represented by (--)5.4. 


was 76.7 whereas in the corresponding control group (C) it was only 15.7. A 
similar large difference was found in case of the errors made in relearning; the 
mean number of errors for the test group (D) was 58.7 whereas in the control 
group (C) it was 5.0. Equally striking differences were found in groups E and 
F. The mean number of trials taken to relearn the maze for the test group (F) 
was 57.8 as compared with 6.3 for the control group (E), and the mean number 
of errors made by the test group (F) was 48.3 as compared with a mean 0.6 error 
for the control group (E). These four differences are significant since they could 
occur less than one per cent of the time by chance. 

Although the test groups required a significantly greater number of trials 



21^0 3 . W. BEAN, S. WAJPNEK AND B. C. BIBGEBIE® 

and made more errors than the control groups in relearning the maze, all 
of the test groups finally reacquired the habit. The number of errors and tri^ 
taken by the test groups for relearning was not significantly di&rent ^om the 
number taken for the original learning. These facts may be considered as further 


TABLE 3 

The effects of exposure to high 0, pressure on retention and memory as shownby the number of 
trials and errors made in re-attaining the criterion 


SAT 

CONTSOL GSOUP C 

No. o! trials 

No. of errors 

118 F 

90 

27 

213 F 

20 

8 

166 M 

0 

0 

214 M 

0 

0 

, 212 F 

0 

0 

217 M 

0 

0 

207 F 

0 

0 


CONTSOL GSOUP P 

203 M 

20 

3 

191 F 

20 

1 

188 F 

10 

1 

239 M 

0 

0 

172 F 

0 

0 

172 M 

0 

0 

202 F 

0 

0 

193 M 

0 

0 


SAT 

TEST GSOUP D 

No. of trials 

No. of errors 

165 F 

80 

130 

117 F 

70 

106 

163 F 

100 

75 

210 M 

100 

41 

223 F 

100 

32 

222 F 

40 

21 

216 M 

40 

6 


test GSOUP E 

247 .F 

50 

97 

240M 

100 

58 

182 F 

50 

54 

239 F 

50 

51 

242 F 

60 

49 

243 F 

50 

35 

196 M 

50 

35 

189 M 

70 

30 

185 M 

40 

26 


TABLE 4 

The effects on retention and memory as determined by trials and errors made in re-attaining the 

criterion 


GSOUP 

NXTMBES 

OP 

MEAN 

MEAMDIPP. 

DEGSEES OP 
PSEEDOM 

PISHES’S t 

PSOB. OP 
OfXUSSENCE 

BY CHANCE 



Trials 

Errors 

Trials 

Errors 

Trials 

Errors 

Trials 

Errors 

Trials 

Errors 











% 

% 

Test D. . . ..... 

7 

75.7 

58.7 

60.0 

53.7 

12 

12 

3.681 

3.294 

<1 

<1 

Control C 

7 

15.7 

5.0 









Test F 

9 

57.8 

48.3 

51.5 

47.7 

15 

15 

6.959 

6.276 

<1 

<1 

Control E 

8 

6.3 

0.6 










evidence that learning abUity was not impaired by exposure to Wgh pressure O*. 
Apparently, only retention of the previously acquired habit was impaired. 

Discussion. The observation that maze trained rats refused to run the 
maze for some hours after their removal from the increased O* pressure is worthy 
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of note for it indicates that even those exposures not severe enough to induce 
obvioiw motor disturbances commonly leave effects which persist for hours 
after the animal’s return to atmospheric pressure. While this temporary failure 
to react to the maze situation may simply represent an altered motivation, or 
some residual effect on sensory mechanisms, it nevertheless must be a reflection 
of a post-decompressional influence of the high O2 pressure and indicates that 
recovery from such exposure is not as rapid or as complete in these animals as 
casual observation might lead one to suppose. 

Because of the necessary interval between the last exposure to O2 and the 
testing in the ma.ze our data provide no evidence concerning possible disturbances 
in learning ability during the immediate post-decompressional period. It is 
therefore unsafe to infer that because there is no significant alteration in learning 
as revealed by tests carried out several days after decompression there should 
also be no effect in the immediate post-decompressional period of the acute re- 
covery phase. 

Just why the ability to learn remains unaffected by previous exposure to 
increased O2 pressure whereas memory and retention are adversely affected as 
shown by tests made some days after return to normal pressure, remains a matter 
of s^culation; possibly the difference might be explained on an assumption that 
the increased O2 pressure has something of a predilection for those parts of the 
C. N. S. which subserve these higher functions. While our data indicate that 
the maze habit is adversely affected by exposure to high pressure O2, the tests 
were not carried out over sufficient length of time to justify any conclusion re- 
garding their possible permanency. But the permanent motor dysfunction, 
largely of C. N. S. origin which can be induced by more severe, intermittent 
exposure to 0. at high pressure (Bean and Siegfried, 1943) suggests that in all 
probability proportionately greater, and perhaps even permanent adverse effects 
on higher functions of the C. N. S. might also be induced by more severe exposures 
to O2 at higher pressures than those used in the experiments herein reported. 

The finding that exposure to high O2 pressure causes loss of memory in ex- 
pel imental animals is of interest in relation to the disturbance in memory ex- 
perienced by men under some conditions of deep diving and which has been 
attributed to a peculiar action of the increased nitrogen tension obtaining under 
those conditions. 

The precipitation of convulsive attacks or lesser neuromuscular reactions either 
during the maintenance of the increased O2 pressure or during decompression 
therefrom, in spito of attempts to avoid them, raises the question of whether 
there might not be some etiological relationship between the occurrence of the 
convulsions and the disturbance in memory. But an examination of the data 
reveals no causal relationship. 

Our experiments do not provide sufficient data to justify a final conclusion 
regarding the effects of single exposures to high O2 pressure on learning or memory 
but they do suggest that the less severe and short exposures such as we have em- 
plbyed do induce significant changes in the memory function. The fact, how- 
ever, that repeated exposures result in effects which are demonstrable, inicates 
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ss r.s=iir.r 

exposures. 

SUMMARY AND CONCLUSION 

In earned out to determine what egect, g any, ejp^.to 

nr^rS mS>t have on learning and memory, young adult dbmo rate 
to O, (U.S.P.) at a preeeure aUghtly over 5 atooepherea (aheolute) 
to ^STot Vrom 8 to 16 minutes in series of 16 suecees.ve exposums over a 
^ iys and with no mom than 2 exposures per ^ 

“nvLive Lisures or pronounced neui^useuta tobanee. were avoided. 

The chamber temperature was maintained at about ^ U 

T«i+fi fnr leamine and memory were conducted with the Lashley maze ix 

"'Sr^uSt'Slereuee in the ability ot the control and ttet rate to learn 
thf^i^M found in teste begun one day after the last of a senes of ex^ito. 
to 2T2Tt hand the memory and retention of the mate, 

^t^v^y agected in a striking manner by the «posure. to u>e«^ »■ 
This was shown by the large number of trials and errors made by the 

&an^alsascom^«to^^^^^^ 

S. Sl:rcw’Xem“:^y a^ell by totermittent explores to 

increased 0* P^me^ ^ eared to have completely 

an^tott;^ O. pressure so far as objeeteve motor 
recoverea iro v pninmonlv refused to run the maze for some hours after 

r^tio^ TWs was interpreted as an indication that even 

ri":f“C^de.totions«fdys.unction.r.nidualege.te persist 

"Xe^^^XST— Oipressure on memory by 

==:.utfortog«x-r,ryttL^^^^ 

'^^rdif^^Strrrnotdepaadentupontheoccu^^^^ 

atladis either during maintenance of the increased O, pressure or during d^m 

;5^n It was concluded: that succeamve nnld exposures to O. 
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at pressures of about 5 atmospheres (absolute) as carried out in our experiments 
do not significantly affect learning following an interval of one day after the 
last of the series of exposures; that memory, as revealed by maze tests, is very 
significantly affected by such exposures, and that O 2 at high pressure can induce 
adverse effects on higher C. N. S. functions even though it may not induce 
obvious neuromuscular dysfunction. 

The authors are indebted to the Hoi ace Rackham School of Graduate Studies 
for partial support of this investigation and to Dr. N. R. F. Maier for helpful 
advice an criticism and the maze facilities of the Psychological Laboratory for 
the Study of Abnormal Behavior in the Rat. 
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The effect of vitamin E deficiency on the blood pressure of 
animals has not heretofore been reported. Only a few “ 

the literature concerning the effect of any vitamm deficiency on ^e blood pres- 
sure experimental animals. Uhlmann (1), using dogs and rabbite, made sub- 
cutaneous, intravenous and oral administrations of crude vitamin B commerci 
Drenarations He effected a dilatation of peripheral blood vessels, a 

blood p^osu™. Mwin. Cook and Neta (2) 4o 

effect of vitamin A and vitamin B deficient diets on the blood pressure of rate. 
These workers noted a “sUght though significant subnormal 
A deSoient rate. Ip the vitamm B deM»t 
nressure was even more marked.” Since no work has been repor^ on the 
blood pressure of rate held for extended periods of time on a vitamin E deficient 

diet we are submitting these findings. r i <■ T nn<r Fvans 

Experimental. The rate used in this study were females of the ^®“8-Ev 
strain Since weaning at 21 days of age the experimental animals had been 
maintained on a vitamin E deficient diet.* The normal control annals were 
held on a commercial rat biscuit diet supplemented with lettuce three tunes 

weekly. 

The animals consisted of four groups: 

Group 1 were female rate held on the vitamin E deficient diet for ^ penod o 
one year. Their general physical condition was comparable to ^e no 
control groups except they were lighter in weight (225 grams: 261 grams). 
GrouD 2 were 1 year old normal fanale animals. 

Group 3 were female rate held on a vitamin E deficient diet for two year^ 
^ These animals exhibited the typical symptoms of prolonged intamm E 
deficiency such as marked striated muscle flaccidity and atrophy, ataxic 
gait, denuded areas etc. (3-6). 


1 Vitamin E deficient diet : 24 

Casein (commercial) 35 

Cornstarch (uncooked) ^ 

Salts (McCollum no. 185) 20 

Lard 2 

Cod liver oil 10 

Brewer’s yeast 5 

Cellulose flour • • 


The diet ingredients (except for the cod liver oil) were 
^end at room temperature for two weeks. The cod liver oil was added to the rancid diet 

just before feeding. 
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Group 4 were 2 year old normal female rats. 

The apparatus (fig. 1) used in taking the systolic blood pressure was a modi- 
fication of the technic of Williams, Harrison and Grollman (7). It consisted of 
two metal chambers lin^ by discontinuous rubber membranes. The indicator 
chamber, A, was 2 cm. in diameter and was lined by a rubber condom that in- 
vested the rat’s tail. Colored water was introduced between the metal chamber 
and rabber condom after the rat’s tail had been inserted. The volume changes 
within the chamber were shown by a column of water which rose into a capillary 
tube (0.6 mm. diameter) attached to the chamber. The other chamber, B, was 
4.5 cm. in diameter and was lined by the finger of a thin surgical glove. The 
latter membrane invested the base of the tail less snugly. It served as the pres- 



Fig. 1. A sketch of the blood pressure apparatus used in this experiment. 
A Water or indicator chamber. B — Air or pressure chamber. 


sure cuff to shut off the systolic blood in the tail when air was pumped between 
the mete] chamber and Uie membrane. A mercury manometer was attached 
to the air chamber which indicated the pressure (mm. Hg) within the air chamber. 

Each rat was anesthetized by an intraperitoneal injection of sodium barbital 
solution (IW mgm./kgm. body weight). Sodium barbital was selected because 
of its relatively slight effect on the heart and blood pressure (8). The time 
interval of narcotization was controlled to prevent any discrepancy due to degree 
of anesthesia. When the rat was anrathetized, the tail was inserted through 
the membranes lining the chambers. Water which had been colored with a dye 
was run into the indicator chamber until it rose into the cn. pi11n.r y tube. The 
pressure cuff was then inflated to a point above the systolic pressure. 'There 
was a slight rise in the capillary tube during inflation of the cuff due to venous 





216 lEA B. TBiLFOI®, JACSC B. SWBQABT AND FBED C. SCHOBNB 

ooneestion in the tail. This had no bearing on the later significant nse. Air 

wi Si slowly released from the pressure cuff. When 
reached them was a sudden secondary rise in the capillaiy tube ^ 
blood re-entering the tail. At this instant a direct readmg was obtamed on the 
mercury manometer. This was the systoUc blood pressure of the animal 
We were thus able to obtain series of successive readmgs. e ° 2 to 4 
tion of the readings of an animal for any one day was seldom more than 2 to 4 

TABLE 1 


( 1 ) 


ic 9 Woa press VI 

DIET 

re 1 

AGE 

< 

EATS 

IN 

lEOUP 

IDMBEE 

OF 

MEAS- 

UEE- 

MENTS 

RANGE 

MEAN 

BLOOD 

PREB- 

SURE 

S.D.* 

S.E.t 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 




(«) 

mm. Hg 

f»f». Hg 



E-deficient 

1 

6 

37 

64-86 

78.2 

6.22 

1.02 5 

Normal 

1 

4 

24 

94-122 

110.8 

11.94 

2.75 

E-deficient 

2 

9 

54 

48-70 

61.7 

6.15 

0.83 : 

Normal 

2 

7 

40 

1 84-94 

87.2 

2 . 58 

0.41 

E-deficient 

1 

6 

37 

64-86 

78.2 

6.22 

1.02 

E-deficient 

2 

9 

54 

48-70 

61.7 

6.15 

0.83 

Normal 

1 

4 

24 

94-125 

1 110.^ 

J 11.9; 

^ 2.75 

Normal 

2 

7 

40 

84-94 

87.5 

J 2.5f 

1 0.41 


COMMENTS 


( 10 ) 


29.4% reduction in 
blood pressure due 
to 1 year of vitamin 
E deficiency 

29.2% reduction in 
blood pressure due 
to 2 years of vitamin 
E deficiency 

21.1% reduction in 
blood pressure due 
to 1 year difference 
in ages 

21.3% reduction in 
blood pressure due 
to 1 year difference 
in ages 


t i.e., standard deviation of means of samples; 


,8,E..y^ 


-*)« 


(n- 1) 


mm. Hg. Each animal was given 4 to 10 readings on each occasion and the 
“^SB^A^^tobleT'" old vitamin E ^ 

showed f 29 4 per cent reduction in their blood pressure when compared with 

^aISJ c^ri^rison of the two year old animals the deficmnt ammds 

to have a blood pressure of 61.7 mm. Hg as compared with 87.2 mm. for the 
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nornial rats. This drop is of essentially the same degree of magnitude as that of 
the blood pressure of the experimental group (29.2 per cent). 

In the two E-low groups the older rats showed a reduction of 21.1 per cent 
in blood pressure when compared with the one year old animals, their respective 
values being 61.7 and 78.2 mm. Hg. 

The normal rats showed an interesting group difference. The two-year old 
animals had a 21.3 per cent reduction in their systolic blood pressure from that 
of the year-old group (87.2 mm.: 110.8 mm.). This reduction was due to the 
age differential and not to any dietary difference since all normal animals re- 
ceived the same balanced diet. 

Discussion. How a deficiency in vitamin E effects a reduction in systolic 
blood pressure in rats is unknown. A search for the site of the disturbance in 
the vascular system has not been successful. Histological examination of the 
hearts of twenty-one deficient animals 12 to 26 months of age, by one of the 
authors (I. R. T.), failed to show any consistent pathological lesions. Although 
a few deficient animals showed definite myocardial damage, some of the normal 
controls also showed myocardial lesions to a similar degree. Thus the lesions 
were felt to be within normal limits. 

A histological examination of the larger vessels, such as the abdominal aorta, 
iliac, femoral and anterior tibial arteries and their corresponding veins, showed 
no abnormalities in six 22-month old vitamin E deficient animals. 

There are, however, several observations that suggest that vitamin E is es- 
sential to the normal functioning of the vascular system. One pertinent point 
is that the death of the fetuses in vitamin E deficient pregnant female rats has 
been attributed to any of three conditions. First, a suppression of the develop- 
ment of derivatives in the embryo related to the hematopoietic function, as sug- 
gested by Evans and Burr (10) and Urner (11); secondly, defects in the vascular 
walls causing stasis and extravasation of blood into the tissues, suggested by 
Mason (12) ; and last, a combination of both processes. 

Another observation suggesting a vascular upset is the presence of edema of 
the face in young rats suffering from an acute vitamin E deficiency (13). In 
the case of chicks the vascular disturbances are much more evident and wide- 
spread than in the rat. Vitamin E deficient chicks manifest exudative diathesis, 
widespread edema, cerebellar lesions caused by arterial infarctions, and hemor- 
rhage in the developing fetus (14-16). 

The observation that two year old normal rats have a lower systolic blood 
pressure than year old animals (87.2 mm.: 110.8 mm.), and that similar differ- 
ences were found in E-low rats one and two years of age (61.7 mm.:78.2 mm.), 
raises a very interesting problem since a rise in blood pressure would be expected 
in old age and not a reduction. In fact Griffith, Jeffers and Roberts (17) re- 
ported ^fin measuring the blood pressure of hundreds of rats of various ages we 
have noted a tendency to a slight rise with age.’^ However, rodents rarely de- 
velop the deposits of calcium and lipoid substances in the media or intima of a 
vessel (18). Rat studies substantiate this general observation. An explanation 
for the drop in blood pressure in normal 2-year old animals is, however, still 
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lacking. The percentage difference is just as large at the end of one year of 
vitamin E deficiency as after a two year defici^cy. The additional drop m 
blood pressure in the two year old deficient animals was due to an aging e ect 
and not aggravated by the continued deficiency state. The percentage (Mer- 
ence between one and two year old deficient rats was 21.1 per cent. The differ- 
ence between normal rats of corresponding age levels was a 21.3 per cent re- 
duction. , f f X 

In reporting on blood pressure studies of rats there are a number of factora 

that materiaUy alter results. Variations in the room temperature have a marked 
effect upon the blood pressure of rats. In a series of reatogs nearly as extensive 
as the data here presented, we noted a consistent lowering of blood pressure at 
a lower room temperature. Readings taken at a room temperature of 25 C. 
were approximately 20 to 30 per cent lower than those readings obtained at 
36®C. The readings at the higher temperature, however, were probably more 
accurate because of the greater sensitiveness of our apparatus at the higher 
temperature. In establishing normal blood pressure of rats it is important to 
take into account the environmental temperature of the animal. Other authors 
(7, 19) have recognized this variable and have suggested pre-heating the animal 
before the experiment in order that the tail may be stimulated to greater thermo- 
control activity. A higher room temperature accomplishes approximately this 
same purpose resulting in more accurate readings than at a lower temperature. 

Normal blood pressure levels in rats cannot be established unless the age of the 
nnimnla is Considered. A survey of the literature shows that this factor has bera 
largely neglected and thus rather wide differences in results have been reported. 
Oiir remits showed a marked drop in blood pressure in the older group of animals. 

The sex of the animals may have some effect on the blood pressure. We com- 
pared the blood pressures of six normal 2-year old males and seven females and 
found the male rats to have a higher blood pressure than the females (101.1 
mm.: 87.2 mm.). 


CONCLUSIONS 

1 One year old vitamin E deficient female rats showed a reduction of 29.4 
per cent in their systoUc blood pressure when compared with normal rats of the 

same age (78.2 mm. :110.8 mm.). . ,, , 

2 In two year old vitamin E deficient rats the reduction m blood pressure 
was essentially the same (29.2 per cent) as in the year-old group. The systolic 
blood pressure for 2-year old vitamin E deficient rats and normal control rats 

was 61.7 mm. and 87.2 mm. respectively. .. a j 

3 A lowering of the blood pressure in the second year of life is reflected equally 
in both experimental and control groups. This reduction is therefore due to an 
a ging effect and is not a manifestation of a dietary deficiency. 

4. An histological examination of the hearts and large vessels of vitamin E 
defident rats failed to dranonstrate any consistent vascular lesions that might 
contribute to a reduction of blood pressure. 
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5. Variations in the room temperature, age and sex of the animal, and methods 
used in determining blood pressure are variables that influence the blood pres- 
sure readings in normal and experimental rats. 
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The experiments reported here were designed to ascertain which of the several 
divifflons of the efferent vasomotor system actually participate in chemoreflex 
(carotid body) reactions in the dog and, if more than one, their relative import- 
ance and whether they act reciprocally or antagonistically. Such information is 
requisite to ultimate understanding of the central integration of these reflexes 
and can be of great value in interpreting the behavior of the chemoreceptors 
themselves. 

The efferent pathway of vasomotor reflexes arising from carotid sinus and 
aortic pressoreceptors has been studied but the evidence is conflicting as to 
whether, in the dog, the thoracico-lumbar autonomies provide the sole efferent 
pathway (Bacq, Brouha and Heymans, 1934; Schneider, 1934; Derom and Grim- 
son, 1939; Dole and Morison, 1940) or whether they act in conjunction with 
parasympathetic and dorsal root vasodilators (Bayliss, 1902, 1908; Fofanow and 
Tschalussow, 1913; Toumade and Malmejac, 1932; Bishop, Heinbecker and 
O’Leary, 1933). Indeed, the whole question of the participation or non-partici- 
pation of vasomotor fibers other than thoracico-lumbar autonomies in general- 
ized vascular reflexes is confused by imexplained differences in the experimental 
results of numerous investigators. The present experiments, using a different 
method and a reflex hitherto unstudied in this connection, contribute to the 
general problem as well as to the specific question of the mechanism of chemo- 
reflex vasomotor reactions. 

Methods and procedure. Vasomotor reactions were studied in the sub- 
maxillary gland and in the hind leg. These regions were chosen because each 
possesses, besides the thoracico-lumbar autonomic, a different additional type of 
vasomotor innervation which might be influenced in its activity by the chemo- 
receptors. 

Change in volume flow of blood provided the index of vasomotor reactions 
both in the submaxillary gland and in the leg. In the experiments upon the 
submaxillary gland, the venous outflow was measured, using a drop recorder. 
Depletion of circulating blood volume which this method usually entails was 
avoided by continuous automatic reinjection of blood at a rate identical with 

1 Preliminary report: This Journal 126: P. 432, 1939. 

• This study was assisted by a grant from the Horace H. Raokham School of Graduate 
Studies, University of Michigan and by a grant from the Rockefeller Foundation to Robert 
Gesell for studies on respiration. 

* Now in the Department of Physiology, Vanderbilt University School of Medicine. 
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the rate of loss. In the leg, arterial blood flow (femoral artery) was continuously 
lecoided by a modified form oi the Gesell and Bronk tliermoelectric method 
(1926). 

Since blood flow is not a reliable indi'x of A'ascular reactions unhws the arfei'ial 
blood is supplied under constant hydraulic conditions, a method of jierfusion 
capable of supplying such conditions was u.sed. This method has been de.scribed 
elsewhere (Bernthal, 1938) but certain of its special features will bear re-emphasis 
here. The perfusate was normal arterial blood taken directly from the aorta 
of the experimental animal without exposure to the air and delivered to the 
pel 1 used pal t by a pump which maintained constant mean and pulse pressures 
and constant pulse rate while automatically allowing its output to vary in exact 
accordance with variations in the composite resistance to blood flow (vascular 
tone) otfered by the va.scular bed of the ti.ssue being perfused. 

C hemoreflex reactions were initiated by injecting chemical agents in solution 
into the perfusion stream supplying the carotid body region. Conditions were 
such that the circulation of the.se agents was confined rigidly to the vascularlj' 
isolated carotid bifurcation. Const ant hydraulic conditions wen; maintained in 
this perfusion circuit as well, in order to obviate variations in stimulation of 
carotid sinus pressoreceptors. When the submaxillary gland was studied, the 
ipsilateral Hm-ing’s neive w as sectioned and chemical agents administered only 
to the contralateral carotid body. When A’asomotor reactions in the leg wiTe 
studitHi, chemical agents were adrninistm-ed to lioth carotid bodies. The chemi- 
cal agents u.sed were limited to two, sodium I'yanidc' to stimulate the chemo- 
leceptois and call forth chemoreflex va.soconstriction, and sodium caibonate to 
inhibit the chemori'ceiitors and elicit chemoreflex vasodilatation. 

The reacdions in normally innervated tissue w(>re comiiariHi with those in 
tis.su<. th(? thoiacico-lumfiar autonomic iiiiuMwation of wlii(*h had been acuti^ly 
interrupted. In experiments upon the sulanaxillary gland, the cervical vago 
sympath('tic trunk was cut leaxing the parasynifiaf hetic innervation (chorda 
tymjiani) as th<‘ potential iiathway lor vascular reactions. In e.xperiiiKTits upon 
the hind kg, unilateral extirjiation of the paraviTteliral ganglionic chain from 
the thirteenth thoracic to the .secaind .sacral .segments inclusive left only the dor.sal 
root vasodilator fibers as jiotential pathwjiys foi' \ascuiar reactions. 

Heparin was injected intraxenously and tlK> animids were anesthetized with 
moi'pliiiK' and uretharu' or with morphine and chloralo.se. In most of the (ex- 
periments, ojRm pneumothoi-ax was instituted and constant artificial pidmonary 
ventilation maintained in order to avoid changing tensions of the respiratory 
gases in tlu; blood supplying the vasomotor centers and the tissues in which 
vascular reactions wen; to be studied. 

Results and discrtssion. ('hemoreflex vasomotor reactions in the sub- 
maxillary gland have not been de.scribed heretofore and it was necessary first 
to establish their presence and natui'o before modifying the vasomotor nerve 
supply, p'igure lA demonstrates a typical vasomotoi' reaction in the sul)- 
maxillary gland which accompanied exposure of the contralateral carotid cheino- 
receptors to NaCN . The initial effect was vasoconstriction and this w as followed 
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Fig. 1. Chcnior(?flox vascular reactions in the subinaxillary gland and the effects of 
removing the thoracico-lumbar autonomic impulses. 

Top record, drops of venous blood leaving submaxillary gland. HI. Flow, idotted valm's 
of blood flow from submaxillary gland in drops per minute. Ordinate scale of linear values 
for percentile chaugcs in lilood flow the same in all records. BI’, artificially stabilized 
arterial blood pressure in millimeters of mercury. PP, pressure of blood in perfusion cir- 
cuits supplying submaxillary gland and carotid body; millimeters of mercury. »S, signal. 
T, time in one and ten second intervals. Record of artificial constant pulmonary ventila- 

tion not shown. All records from the same oxperiment. 

A Effects of sodium cyanide at the carotid body uiioii blood flow through the submaxil- 
lary gland. Innervation of gland intact. B. The same, after section of the cervical vago- 
sympathetic nerve trunk. 0. The effects of sodium carbonate. Innervation intact. D. 
the same, after section of the vago-sympathetic trunk. 



Fig. 2. The effects of symiiathectomy upon chemoreflex vascular reactions in the hind 


spirometer reconl of ,,uluionary ventilation. B. FL, thermoelectric recording of fe- 
moral arterial blood flow. Other abbreviations as in figure 1 . Between A and B and again 
between C and D, the flow recorder was changed from the left (normally innervated) to the 
right (sympathectomized) femoral artery. All records from the same expmimemt 

A Effects of sodium cyanide at the carotid body upon blood flow in the left femora 
artery Innervation intact. B. The same, right femoral artery. Right lumbar and sacral 
parawrtebral sympathetic ganglionic chain extirpated. C. f^^cts of sodium carbonate 
at the carotid body upon blood flow in the left femoral artery. D. Tlic same, right femoral 

artery. 
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by vasodilatation, varying in degree in different individuals, after which the 
preadministration level of vascular tone was re-established. The effect of carbo- 
nate administration (fig. 1C) was simply vasodilatation followed by recovery. 
Qualitatively similar reactions to cyanide (fig. 2A) and to carbonate (fig. 2C) 
can be demonstrated in the hind leg. These observations, considered along with 
those upon the foreleg (Bemthal, 1938), and upon the intestine (Bemthal and 
Schwind, to be published) demonstrate a basic similarity in the pattern of 
vascular reactions occurring simultaneously in widely separated body regions in 
response to carotid body activity. This fact may have some significance from 
the point of view of the present inquiry for it suggests dominance of some part of 
the vasomotor mechanism which is common to all of these regions, specifically 
the thoracico-lumbar S3mipathetic. 

Whether the thoracico-lumbar sympathetic does in fact dominate the vascular 
reactions and whether such dominance may be complete or relative is best 
answered by the parts of the experiment in which this innervation was rendered 
ineffective (figs. IB and ID for the submaxillary gland and 2B and 2D for the 
hind leg). For most individuals studied, the results are clear cut and definite 
as these illustrations, taken from typical experiments, indicate. In all experi- 
ments upon the leg and in all, with but one and possibly two exceptions, upon the 
submaxillary gland, there were no recognizable chemoreflex vascular reactions 
remaining after interruption of the thoracico-lumbar sympathetic pathways. 
In many of the experiments the flow of blood became absolutely steady following 
sympathectomy and remained so despite administration of large doses of chemi- 
cal agents at the carotid body. In a few of the experiments, minor irregularities 
of blood flow were in evidence after sympathectomy had been performed. How- 
ever, with the exceptions already noted and to be discussed presently, no relation- 
ship couljd be established between their occurrence and the administration of 
chemical agents. 

Bearing in mind that the endings of the remaining vasomotor pathways were 
cholinergic, eserine was administered in two of the experiments upon the sub- 
maxillary gland with the idea of revealing any reactions which might have been 
latent or unrecognized in the sympathectomized regions. As might have been 
expected, upon the basis of established concepts concerning humoral intermedia- 
tion at autonomic ganglia, chemoreflex vascular reactions in normally innervated 
tissue were definitely exaggerated following the administration of eserine. But 
cutting the cervical sympathetic trunk obliterated these exaggerated reactions 
just as effectively as it did the others. It seems clear, therefore, that in all of 
these animals (thirteen of a total number of fifteen) the thoracico-lumbar auto- 
nomies constituted the sole efferent pathway for the chemoreflex vasomotor 
reactions observed. 

In one experiment upon the submaxillary gland, smaller (15 to 30 per cent of 
original) but definite and repeatable vasomotor reactions persisted after the 
cervical vagosympathetic trunk had been severed. In one other experiment 
small, almost imperceptible variations of blood flow occurred which may con- 
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ceivably have been chemoreflex reactions. The most obvious explanataon, and a 
definite posablity upon the basis of embryological and neuroanatomical consider-: 
ations, is the existence in these two animals of aberrant thoracico-li^bar aut^ 
nomic fibers travelling outside the cervical sympathetic trunk and therefore left 
uncut. Supporting this interpretation is the precise resemblance of the ^r- 
Bisting reactions, both in pattern and in time relations, to those m evidence before 
nerve section whrai the thoracico-lumbar innervation was surely in dommance. 

Consideration must be given also to the possibility that the chemoreceptors 
do have central connections with parasympathetic vasomotor neurones. It 
would seem probable, however, that if such an arrangement does exist it would 
be present in aU individuals of a species and that it could be brought into evidence 
at Lst in some degree in all of them. The fact is that only a small fraction of 
the studied displayed reactions which could possibly have been attnb- 

uted to parasympathetic fibers and, as has been already noted, these ^ponses 
may equally as well have been mediated over aberrant thoracico-lumbar sym- 
nathetic fibers. This consideration, coupled with the fact that none of the ex- 
periments on the limb even suggested that dorsal root vasodilators may have been 
Evolved has led us to the belief that in the dog thoracico-lumbar autononuc 
fibers provide the sole efferent vasomotor pathway for chemoreflex reactions. 

NoUs. In view of the lack of agreement in the findings of vanous investigators 
concerning the efferent pathway of vascular reflexes initiated at the pref»o- 
receptors, it was a matter of some interest to observe these reflexes under the 
conditions of our experiments, which we beUeve are especially well ^pted for 
revealing small reactions. In four of the experiments, adequate observations 
were made and in no instance did vascular reactions to occlusion of a co^on 
carotid artery persist after interruption of the thoracico-lumbar sympathetic 
pathways. The observations made were all in experiments upon the sub- 
maxillary gland and no attempt was made to study pressoreceptor reflexes sys- 
tematicaUy in various body regions. So far as they go, however, these results 
support the conclusions of others (loc. cit.) that the vascular component of 
pr^receptor reflexes is mediated only by the thoracico-lumbar autonomies 

in the dog. 

SUMMARY AND CONCLUSIONS 

Reflex vasomotor reactions resulting from the action of chemical agente at the 
carotid body are qualitatively the same in the submaxillary gland m m other 
body regions in the dog, e.g., sodium cyanide elicits reflex va^nstnction iwually 
followed by vasodilatation anil sodium carbonate elicits sunple vasodilatation. 

In most individuals (nine of eleven) cutting the cervical (vago) sympathetic 
trunk completely obliterated chemoreflex vasomotor reactions m the sub- 
maxillary gland even though the parasympathetic innervation (chorda tympam) 
remained intact and even when eserine was administered to potentate any 
activity of this innervation. In one and possibly two of eleven animals, smah 
.reactions persisted after the vagosympathetic trunk had been severed. It is 
believed that these reactions were mediated by aberrant fibers of the thoracico- 
Ittmbar autemomics. 
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In all of the four dogs in which it was tried, sympathectomy removed all 
recognizable chemoreflex vasomotor reactions in the leg even though the dorsal 
root vasodilator innervation remained intact. 

It IS concluded that in the dog, certainly in most individuals and probably in 
all, the thoracico-lumbar autonomic fibers constitute the sole efferent pathway 
for vascular reflexes originating at the carotid body. 
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When the median and left lateral lobes of the liver of the rat are removed, the 
remaining lobes grow rapidly until the original bulk of the liver is restored 
Bruee end Marble have studied the rate of mitosis in regenerating rat livers by 
microscopic examination of liver sections (1). By using siwpensions o 
obtained from liver by the citric acid technique (3) the mitosis rate be deter- 
mined by counts made with a hemocytometer. For simplicity only nuclei m 
metaphase and anaphase were classified as being in mitosis. This provided 
rapid assay method which made it possible to carry out the mvestigations 

Mothods. The initial experiments were made with rats of the Slonaker 
strain which were later discarded because of an epidemic of respirato^ rTl 
S ubsequent experiments were performed on rats of the 

strains have been highly inbred by brother sister matmgs. M\ tests jvere car- 
ried out on one month old rats weighing 45 to 60 grams. Operations on the 

animals were carried out under aseptic conditions. . i + i ™ pi+bpr 

An incision was made in the midline extending from about | to i mch on eithe 
side of the xiphoid process in an anteroposterior direction. The abdominal wall 
was cut along the midline from i inch posterior to the tip of the xiphoid process 
which was dissected free of its attached muscle and f a^ia With gentle pressure 
on the sides of the animal, the median and left lateral lobes of the liver were - 
livered to the surface and their fascial attachments cut. They then were le a 
the base with cotton or linen thread and cut as closely as possible to the tie. On 
a diet of Purina dog chow, survival was 100 per cent unless there was a gross error 
in the technique, for example, perforation of the diaphragm or cuttmg of a la g 

'^^°^enS-iour hours after the partial hepatectomy the substance to be tested 
was ini Jted into the femoral vein and 3 hours later the liver was perfused with 
saline and removed. In experiments in which was used it also was 
into the femoral vein as from 5 to 10 minutes after the injection of the 

test material. In no case did the amount of Na 2 HP 04 exceed 1.5 mgm. Nuclei 
were isolated and mitotic counts made as previously described (3). i^mals were 
fed Purina dog chow except during a period when diets were prepared m our own 
llratoiy. Wn fed a diet containing 13 per cent fat d^'^ely sardine “d com 
oil) the animals were, on the average, 10 grams heavier than when fed the chow, 

1 The work described in this paper was done under a contract recommended by the Com- 
imttee on Medical Research, ^tween the Office of Scientific Research and Developmen 
and the University of California. 
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but did not survive the partial hepatectomy. When the fat content ■was reduced 
to about 7 per cent the usual survival rate of 95 per cent was observed. On this 
diet, however, the mitotic rate one day after operation, was reduced to from 0.2 
to 0.5 per cent as compared with a rate of from 0.6 to 1.0 per cent, obtained on the 
dog chow. Except as otherwise indicated, counts of nuclei were made from 
pooled livers of 5 or more animals. In all experiments controls were run at the 
same time as the substance to be tested. The animals used as controls received 
0.85 per cent saline intravenously except in a few cases in which isotonic Na 2 HP 04 
containing was administered. Except as otherwise indicated, all substances 
were dissolved or suspended in saline solution for intravenous injection. 

Preparation of materials tested. All preparations, except as mentioned, were 
carried out in a cold room at a temperature of from 3° to 5° F. Whenever neces- 
sary, the salt concentration was adjusted by dialysis or dilutions to 0.9 per cent 
NaCl. Particulate materials were then centrifuged, resuspended in from 2 to 5 
volumes of 0,9 per cent NaCI and passed through a no. 27 hypodermic needle 
before injections. 

Description of table 1. No. 1-no. S. Sediment, supernatant fluid and filtrate: Rat liver 
was perfused with 0.9 per cent NaCl and blended into 4 volumes of 0.9 per cent NaCl for 
2 minutes in the Waring blender, 0.3M NaOH was added during the blending in amounts 
sufficient to bring the pH to 7.4. The suspension was centrifuged for 15 minutes at 2,500 
r.p.m. Small granules were removed from a portion of the supernatant fluid by filtration 
by suction with the aid of liberal amounts of Johns-Manville Supercel. 

No. 4. Liver digest: Fresh rat liver was blended with 0.9 per cent NaCl in the Waring 
blendor and incubated at 37® with a saline extract of Merck pancreatin until the formol 
titration and material precipitable with trichloroacetic acid became constant. The digest 
was shaken thoroughly with chloroform to remove protein (2) and lipid. The aqueous 
phase was ultrafiJtered and concentrated in vacuo at 55®. Tyrosine separated during the 
concentration and was filtered off. 

No. 6. Nuclei: Nuclei were prepared from perfused rat liver, as described by one of us 
(3), and then suspended in saline. The suspensions contained from 5 to 7 per cent by vol- 
ume of packed nuclei. 

Description of table 2. Chromatin: Liver was blended as described above under “Sedi- 
ment,'' table 1, no. 1-no. 4. The suspension was purified by the method of Claude and 
Potter (4) and usually given one additional washing. In all cases 0.9 per cent NaCl was 
used as the medium of suspension. Frequently during the blending or the centrifugation 
the material became granular in appearance. 

In preparation 5B the chromatin was lyophilized and stored in air at room temperature 
before resuspension. 

Description of table S. No. 1. Ultrafiltrate: The supernatant fluid from a chromatin 
preparation was passed through a collodion membrane with a pressure gradient of 15 cm 
Hg (5). 

No. 2. Fraction soluble at pH 10.6: A crude chromatin preparation was brought to 
pH 10.5 with NaOH and centrifuged one hour at 2,500 r.p.m. The supernatant was ad- 
justed to pH 6.6 with HCl and centrifuged 15 minutes at 2,500 r.p.m. 

No. S. Fraction soluble in 1 M NaCl: A chromatin suspension was treated successively 
with one volume 2 M NaCl and 2 volumes of 1 M NaCl, mixed in the Waring blender and 
adjusted to pH 8.5. The mixture was centrifuged one hour at 2,500 r.p.m. The superna- 
tant was then decanted into 5 volumes of water and adjusted to pH 7.0. Generally a long 
fibrous precipitate is obtained, in which case it is blended 3 minutes in the Waring blender. 
Prom 26 to 50 per cent of the chromatin could be dissolved. In 3L the preparation was 
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carried out at room temperature and the material was redissolved and reprecipitated. 
Preparation 3H was adjusted to pH 10,6 with NaOH and maintained there 30 minutes before 
readjusting to pH 7.6. It contained visibly larger particles than the others in the table. 

TABLE 1 


Liver fractions other than chromatin 



PES CENT lOtOSXS 

DOSE 


Control 

Experi- 

mental 

Percent 

increase 

N 

P/N 

1. Sediment after 16 minutes at 2,600 r.p.m 

2 Riinema.tfl.nt of 1 

1.38 

Toxic 

0.90 

-35 

mgm. 

1.69 

0.11 

2 RiinPtr^Al nf 2 

1.38 

0.94 

-32 

0.78 

0.10 

4. Puncreatin digest of whole liver 

0.28 

0.20 

-28 

2.48 

0.10 

6. Nuclei (citric acid)* 

0.86 

0.71 

-17 




0.86 

0.90 

4 



c . . . , 

0.86 

1.37 

59 









— 


* The dosage in A was 3 injections each containing 0.01 ml. of packed nuclei; in B, 5 
injections containing 0.01 ml.; in C, 5 injections containing 0.015 ml. 

N » nitrogen; P « phosphorus. 


TABLE 2 


Chromatin from liver 



FEE CENT MITOSIS 

DOSE 


Control 

Experi- 

mental 

Per cent 
increase 

N 

P/N 

1. Rat — normal liver 

A p.nnt.poll 

1.06 

1.33 

25 

mgm. 

0.50 

0.19 


0.64 

1.24 

94 

0.72 

0.10 

C (P** control P*® in cbronifttin) 

0.84 

1.32 

57 

1.02 

0.12 

D 

0.63 

0.56 

-13 

0.67 

0.12 


0.38 

0.83 

106 

0.41 

0.14 


0.53 

0.65 

12 

0.17 

0.18 

^pss Afint'.i'fil P** in chromfl.tin). 

0.49 

0.62 

26 

0.72 

0.20 

o R ofr- — TeflrAnei*fl.tin(r liver 

0.84 

1.69 

90 

1.04 

0.12 

O T^of livAT 

0.47 

0.88 

70 

0.22 

0.22 

4. Rabbi t—nortnal liver 

0.38 

i 

0.59 

55 

0.45 

0.19 

3 (P** in chromatin) 

0.23 

0.90 

290 



6. Rat — various treatments 

A Prepared at room temperature 

0.41 

0,43 

4 

0.50 

0.20 

B Lyophiled and resuspended 

0.30 

0.33 

10 

0.58 

0.16 

C. 1. E stored 3 days 

0.30 

1.39 

360 

0.41 

j 0.14 


1 




No, 4, Fraction insoluble in 1 M of NaCl: The sediment from the first centrifugation in 
no. 3 above was washed again with 1 M NaCl. Ih preparation 4E this insoluble material 
was brought to pH 10.6 and treated as in no. 2 above. 
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No, 6. Lipid: Preparations A and B were made from lyophilized chromatin by Soxhlet 
extraction with ethyl ether. The lipid extracted was shaken with saline and Solvit A 
(Emulsol Corp., Minneapolis). Only a small amount could be suspended. 

TABLE 3 

F r actions prepared from whole chromatin 


1. Ultrafiltrate from chromatin susi>ension. 

2. Soluble in NaOH at pH 10.5 

3. Soluble in 1 M NaCl 


B. A., stored 2 days. 


E. n&t. 

F. Rat. . 


H. F., adjusted to pH 10.5 for 30 minutes. 
L Beef 


4. Insoluble in 1 M NaCl 

A. Rat 

B. A., stored 2 days. . . 

C. Rat 


E. Rat soluble in NaOH pH 10.5. 


PER CENT MITOSIS 

DOSE 

Si 

Per cen 
increasi 

^ N 

P/N 



mgm. 


0.64 0.66 

3 

0.00( 

) 0.2 

0.50 0.75 

50 

0.45 

0.23 

0.94 1.54 

64 

0.23 

0.16 

0.63 0.71 

13 

0.20 

0.16 

0.56 1.36 

143 

0.26 

0.34 

0.36 0.39 

8 

0.22 

0.34 

0.30 0.68 

129 

0.43 

0.28 

0.94 1.12 

19 



0.44 0.57 

31 



0.94 0.65 

-21 



0.49 0.59 

22 

0.03 

0.55 

0.38 0.38 

0 

0.20 

0.37 

0.23 0.52 

126 



0.86 0.90 

5 



0.94 0.85 

-10 

0.17 

0.11 

0.63 0.79 

25 

0.15 

0.11 

0.56 0.65 

16 

0.17 

0.15 

0.47 0.45 

-4 

0.10 

0.11 

0.30 0.55 

84 

0.17 

0.17 


5. Lipid from rat chromatin 

A. In saline + solvit A 

B. As A, but from regenerating liver. 


F. In propylene glycol (containing P«», P” control) . 


6. Fat free chromatin 


7. Protein from chromatin. 

8. Nucleic acid 

A 

B 


0.87 

1.24 

43 

1 0.4 


0.87 

1.12 

29 

0.4 


0.91 

0.67 

-26 

8.0 


0.41 

0.40 

-1 

6.3 


0.30 

0.52 

74 

5.0 


0.49 

0.39 

-20 

4.0 





N 





mgm. 


0.49 

1.49 

200 

0.07 

0.08 

0.70 

0.59 

-16 

0.04 

0.35 

1.02 

0.25 

-75 

0.20 

0.08 

1.02 

0.27 

-74 

0.08 

0.41 

0.53 

0.29 

-45 

0.01 
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The other preparations were made by cenf^toneS ^r"cTOt*al^ol 

(D), or acetone dried (F) chroii^tin with oi mg solvents were removed in 

(«), «d w,^ » ™p»d.d ia prowfen. 8ly««l •> » “»»»; 

:Sa" “at. d»«« a< “->■* 

in vacuo at room temperature. The Preparation A contained those particles 

w tb. ™a J ■*“» X, d»r .upraataat Bald .1 a 

small enough to pass a no. 27 needle. Preparation o 

centrifuged extract. chromatin was obtained by washing a 

part of the phosphorus present. 




Control 

Experi- 

mental 

Per cent 
increase 


1. Commercial intravenous amino acids 

0.55 

0.34 

-37 

0.2 ml. 


0.76 

0.54 

—28 

u.z mi. 


0.76 

0.65 

—14 

u.z mi. 


0.55 

0.22 

—59 

<s.U mgm. 

2. 1 Cysteine (Ffanstieni; 

3. dl Methionine (SMACO) 

0.55 

0.54 

-2 

3.5 mgm. 


0.28 ' 

0.23 ' 

— 17 1 

on 

1.0 . 

1 n noiti 


0.82 

' 0.58 
0.67 
0.52 

— zy 

X . U U.U.1 u 

Ef £t w> jvTV\ 

4. Insulin (L«iUy; ; V." 

5. Adenosine triphosphate (rabbit muscle) 

0.76 

0.53 

— 11 
-2 

5.0 mgm. 
2.2 mgm. 

6. Adenylic acid (muscle) 

0.36 

0.55 

51 

0.2 ml. 

7. Propylene glycol • * 

8. Lecithin (Pfanstiehl) in propylene glycol. . . 

0.36 

0.41 

13 

6 mgm. in 
0.2 ml. 

9. Biotin 

. 0.97 

0.66 

-32 


A. 10 Mgm. i.v. daily 4 aays • 

« in u<mi. i.v. 3 hours before removal 

. 0.92 

0.76 

-17 



*. sr“o«" “rsxstid^^ipSfd 

th«« lime.. It «» ttoa wuhed w.tbetbyl etbe^arm ,1^ 

„:“?r.Si°?.F:XXfe‘r.t.“ ~*d would .0. b. de.tr.ywi ( 7 ). 

*de...i.e tripb..pb.« w.. pm- 

p.2 ?S Cn O^plmi mmotdia, 1. lb. mellmd .1 Newibma (8) fmm . ..bb.t 

thetized withMgSOi (9). hate was hydrolyzed with an enzyme in the 

method of Kerr (11). 
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Results. To determine whether the mitotic rate in the regenerating liver 
was influenced by other factors than the test substances, the following ex- 
periments were performed: 

1. Anesthesia. Twenty-four hours after partial hepatectomy, animals were 
treated with ether to produce deep anesthesia for 20, 15 and 5 minutes 
respectively. Controls received no ether. The mitotic rates observed 3 hours 
later were 0.42, 0.50 and 0.50 per cent respectively for each of the 3 rats, while 
the rats in the 3 controls were 0.37, 0.44 and 0.38 per cent. None of these dif- 
ferences is significant. 

S. DistribiUion of mitotic figures in centrifugation. Nuclei were isolated in the 
usual way by centrifugation after treatment with 5 per cent citric acid. Samples 
of the packed nuclei were taken from 4 successive depths in the centrifuge tube. 
Mitotic counts from each of these layers beginning at the top were 32, 41, 38 and 
41 respectively. There was, therefore, an approximately imiform distribution 
of mitosis. 

S. Radioactive phosphorus. Since was contained in some of the prepara- 
tions, and also used in some of the controls, the effect of radioactivity on mitosis 
was determined. With the exception of one experiment to be described later, 
the dose of radioactive phosphorus administered was from 1 to 8 /i-c. per animal. 
W^ithin this range there was no significant effect on mitosis. For example, 7.6 
^.c. was given subcutaneously after partial hepatectomy and livers removed 24 
hours later showed 0.82 per cent mitosis, while those of controls to which saline 
had been administered showed 0.85 per cent. In another experiment, as much as 
30 At.c. per rat was given intravenously 24 hours after partial hepatectomy and 
the livers were removed 3 hours later. The mitotic rate was 0.49 per cent, while 
in the control, which in this case received lipid in propylene glycol, it was 0.39 
per cent. 

Table 1 shows the effect on mitosis of various fractions from the liver other 
than chromatin. All retarded mitosis with the exception of injections of whole 
nuclei. The latter were prepared by the use of 5 per cent citric acid in the same 
manner as those obtained for mitotic counts. 

In table 2 it will be seen that, with two exceptions, chromatin increased the 
rate of mitosis in the liver. Changes of 10 per cent or less are within the limits 
of error in Tnaking the mitotic count and probably are not significant. Material 
prepared at room temperature had little or no effect. Although chromatin which 
had been lyophilized had no activity this is not necessarily the result of lyophiliza- 
tion since the preparation was exposed to air at room temperature after lyophili- 
zation. The one negative result ID is the average of individual counts from only 
3 onimnlfi in the control and experimental groups. The variation in the control 
groups was exceptionally high, 0.5 to 1.5 per cent. Since 9 out of 11 preparations 
increased the mitotic rate by 25 per cent or more when as little as 2 mgm. protein 
was given a rat weighing 50 grams, the results provide a definite indication of the 
presence of a mitosis-stimulating substance in the chromatin. This is not 
species-specific since chromatin from beef or rabbit livers increases the mitotic 
rate in the rat. 
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The stimulating substance is not present in the ultrafiltrate from chromatin 
but does appear in the fraction soluble in 1 M NaCl (table 3). As with chroma- 
tin, preparation at room temperature produced only inactive material. Of 7 
preparations of the 1 M NaCl extract from different sources, only one (rabbit) 
failed to show a positive effect on mitosis. When a second preparation of rabbit 
chromatin was made, it was found to have strong mitotic activity. The fraction 
insoluble in 1 M NaCl does not stimulate mitosis. An experiment was carried 
out to determine whether increasing doses of the soluble and insoluble fraction 
produced increasing effects on mitosis. Six rats were used, each of 3 receiving 
0.1, 0.2 and 0.4 ml. respectively of the soluble fraction and each of 3 others equiva- 
lent amounts of the insoluble fraction. The results were as follows : 

Per cent Mitosis 


ml. Injected 

Soluble 

Insoluble 

0.1 

1.4 

1.1 

0.2 

1.5 

0.9 

0.4 

1.6 

0.6 


Apparently increasing amounts of the soluble fraction produced progressive in- 
creases in mitosis while increasing amounts of the insoluble portion decreased 
mitosis. 

Chromatin lipid emulsified in saline had a slight positive effect on mitosis. 
With one exception the results were negative when the lipid was suspended in 
propylene glycol alone. The controls in this case received intravenous saline. 
Since propylene glycol had some stimulating effect, the exceptional value ob- 
tained with the lipid in propylene glycol cannot be considered evidence of the 
stimulation of mitosis by lipid. Similarly, in the case of saline emulsions, the 
positive results may possibly have been caused by the emulsifying agent for which 
no control experiments were run. In any case, since equal numbers of positive 
and negative effects were obtained, the lipid from chromatin cannot be considered 
the mitosis-stimulating agent. 

Nucleic acid and protein obtained from chromatin both reduced the mitotic 
rate. Liver digest, commercial intravenous amino ‘acid preparations, methio- 
nine, cysteine, adenosine triphosphate and biotin all had either no effect or an 
inhibitory one. A saline extract of fat free chromatin had a slight negative ef- 
fect, although the fat free chromatin it^lf gave a marked positive effect (200 per 
cent increase after injection of less th^ 0.5 mgm. of protein). 

The increase in the number of nuclei in metaphase and anaphase is not in itself 
sufficient evidence for an increase in the rate of mitosis, for such a result may be 
obtained if mitosis is arrested at either of these stages. Counts were therefore 
made of the relative frequency of nuclei in all stages of the mitotic cycle, i.e., 
resting stage, prophase, metaphase, anaphase and telophase. The proportion of 
nuclei in anaphase as compared to metaphase, and of both these stages to pro- 
phases in chromatin treated animals was found to be the same as in the controls. 
It was concluded therefore that the observed increase in the frequency of meta- 
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phases and anaphases was due to a true increase in the rate of mitosis, and that 
the phase of the nuclear cycle in which the stimulation occurred was some por- 
tion of the resting stage. 

Since 9 of 11 crude chromatin preparations, 6 of 7 NaCl extracts of chromatin 
and fat free chromatin produced a marked increase in the rate of division of cells 
in the liver, while other fractions derived from liver inhibited mitosis, it seems 
clear that chromatin contains a mitosis-stimulating component. 

Discussion. The preparations used in these experiments are similar to but 
not necessarily identical with some previously described. From leukemic cells 
Claude and Potter (4) prepared chromatin which was white, in contrast to our 
chromatin from liver which is brown. They found only 2.3 per cent of lipid in 
the chromatin, which they considered might be entirely due to contamination by 
cytoplasmic constituents. When extracted with hot alcohol-acetone mixture, 
liver chomatin yields 20 per cent of lipid by weight, while Soxhlet extraction 
yieldsonly 10 per cent. The large quanity of lipid and thedifferent yields obtained 
by the two methods of extraction indicate that a good portion of the lipid is 
bound as an integral part of the chromatin. The portion of the chromatin solu- 
ble in 1 M NaCl is similar to material described by Bensley (12) and by Mirsky 
and Pollister (13). Although described as nucleoprotein by the latter investi- 
gators, our results show it to be more complex since it contains lipid as a constit- 
uent. Stedman and Stedman (14) described a substance ‘‘chromosomin^’ ob- 
tained from nuclei, but, since neither an adequate description of its properties 
nor the method for its preparation were given, no comparison could be made with 
the substances reported here. None of the investigators mentioned studied the 
physiological properties of the substances they described. 

Since it has been shown (15) that insulin increases the amount of adenosine 
triphosphate in the liver, the failure of insulin to increase the mitotic rate may be 
taken as evidence that mitotic stimulation by chromatin and some of its fractions 
cannot be attributed to adenosine triphosphate. The latter was considered by 
Loofbourow to be a possible factor in stimulating the growth of yeast cells (16). 

The presence in chromatin of the two substances, one of which stimulates 
mitosis while the other inhibits it, is of particular interest in an understanding of 
the physiology of the nucleus. The stimulation observed must be due to chroma- 
tin or a portion thereof, but cannot be ascribed to ordinary nutrients that chroma- 
tin may contain, since nucleic acids and amino acids produced no such effect. 
Neither can the mere particulate nature of the chromatin be held responsible 
since suspensions of the particulate material from the liver or even chromatin 
prepared at room temperature had an opposite effect or none at all. 

SUMMARY 

1. Mitosis in regenerating liver is increased by intravenous injections of small 
amounts of chromatin, fat free chromatin, and that portion of chromatin which 
is soluble in 1 M NaCl. 

2. Mitosis is inhibited by other fractions from liver and by that portion of 
chromatin which is insoluble in 1 M NaCl. 
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3. Amino acids, nnclmc acid, lipid, biotin, adenosine triphosphate and insulin 
have either no effect or an inhibitory one on mitosis. 

4. Chromatin contains some factor which stimulates mitosis. 
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In some experiments (1) in which the rate of mitosis of cells in regenerating 
liver tissue was measured, an apparently significant increase in this rate was pro- 
duced by the injection of chromatin strands (2) and liponucleoprotein prepared 
from the strands. Bensley (3), who made a similar preparation, considered this 
material to be of cytoplasmic origin and described its lipid but not its nucleic acid 
content. Mirsky and Pollister (4) considered this material to be of nuclear 
origin and described its nucleic acid but not its lipid content. 

Since the chromatin and some of its derivatives were injected as particulate 
matter easily visible under the microscope, it was difficult to imderstand how this 
material could influence the rate of mitosis. Experiments were designed to de- 
termine how much, if any, actually entered the liver cell. Chromatin was pre- 
pared from perfused livers of animals which had received P^^ as Na 2 HP 04 24 
hours earlier. Twenty-four hours after partial hepatectomy, suspensions of this 
chromatin (0.2 ml.) were injected intravenously in rats weighing 60 grams. 
Three hours after the injection samples of perfused liver [were removed for 
P*2 assay and for isolation of nuclei. The P®^ in perfused liver tissue and in liver 
nuclei was measured with a Geiger-Muller counter. In two preliminary experi- 
ments, nuclei showed a much greater uptake of P®^ from chromatin than from 
PO4, but the results were discarded since the readings were too close to 
background to be reliable. These experiments were then repeated, once with 
rabbit chromatin and once with rat chromatin. In the former, nuclei readings 
were 50 per cent above background or 10 times the mean deviation of readings in 
any one group. In the latter the radioactivity in the nuclei was 40 times the 
background. As tables 1 and 2 show, there is good agreement in the results of 
both experiments. Two values are given for inorganic phosphate, the first is an 
average of 19 experiments, the second is the mean for 10 rats used as controls for 
the experiment with radioactive rat chromatin and its derivatives. 

The retention of by liver tissue three hours after injection is more than 5 
times as great following administration of labelled chromatin or lipid from 
chromatin than the retention of phosphate ion. With both of these substances 
50 per cent of the entire dose is held by the fiver, as compared with 9 per cent 
with PO4. The suspension of fat free chromatin showed a lower percentage of 
retention than chromatin but one which was still significantly higher than the 
retention of inorganic phosphate. Since, in this case, a considerable amount of 

^ The work described in this paper was done under a contract recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development and 
the University of California. 
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the was present in coarse particles which settled in the lungs (scattered capil- 
lary emboli were produced) the retention by the liver of material which actually 
reached it was considerably greater than the 7 per cent indicated in table 1. 

To detennine whether the radioactive material held by the liver tissue was 
actually being utilized by the liver cells, the nuclei were carefully isolated 
and the uptake per gram of nuclei was determined as described by Marshak (6). 
These results are shown in table 2. There was more than three times as much 
P®* per gram of nuclei in animals which received chromatin or fractions thereof 
than in those which received inorganic phosphate. Obviously, material from 
chromatin does enter the nuclei. From the estimate that nuclei constitute 6 per 
cent of the liver tissue (6) the in the nuclei may be caluclated as a percentage 

TABLE 1 


F** in regenerating livers three hours after intravenous injection of labelled substances 


MATEKIAL INJECTED 

NUMBEE 
or EATS 

P*S/oEAlC LIVSE 
AS % DOSE 

STANDARD 
ESEOE or MEAN 


84 

4.52 

0.083 


10 

4.36 

0.084 

^ Biiti fiViromAtiii 

19 

26.30 

0.670 

4 . TjiniH cKromatin^ 

15 

32.20 

0.390 

H TTof frAA /»lirnTnft.+.i'n 

5 

7.10 

0.480 

fi AHanoflina triDh.osDlia.t6 

7 

4.43 

0.320 

7 "Rahhit ohromatin 

8 

23.10 

0.200 

52 no.V»hit I'hromatin soliihlo in 1 IVI NaCl . . 

8 

16.20 

0.470 





TABLE 2 

F** uptake by nuclei 


SUBSTANCE INJECTED 

PEE CENT DOSE 

/geam nuclei 

PEE CENT LIVEE 
P»* IN NUCLEI 


1.54 

2.1 


5.08 

1.2 

phl*rtTTIJl tiD . 

5.06 

1.3 

o ti D floliihlo ID 1 ISTadl 

4.23 

1.6 

iXuDDlb vlXri/ULlttblil DLFitlUiv/ xai x xtx 

T?ot fTpa rhrniTiatin ^rat^ 

5.45 

4.6 

^Tot nhrDTnatin^ 

5.15 

1.0 

JUlJJlll vill liiixouixx/ 




of the total , radioactivity of the liver. These results are given in column 
3. When considered thus it appears that P®^ enters the nuclei least readily from 
lipid, less from crude chromatin than from PO4, and most efficiently from fat free 
chromatin. Thus the greater nuclear uptake from chromatin cannot be at- 
tributed merely to the larger amoimt retained by the liver but to a more rapid 
transfer to the nucleus. 

Discussion. From these experiments with P®^ it is clear that the particulate 
nature of the chromatin injected is responsible for its greater retention by the 
liver. The chromatin, however, is not held there merely as inert material, for 
the results show that in some way either the whole chromatin or parts of it be- 
come incorporated into the liver nuclei since the terminal PO4 groups of 
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the chromatin cannot alone account for the nuclear uptake of Cir- 
cumstances made it impossible to carry out a control experiment, as had been 
done earlier for inorganic phosphate (5), to determine whether or not the nuclear 
radioactivity might be due to contamination. However, the repeated washings 
in the isolation of the nuclei, the consistency of the results with chromatin, and 
the characteristically different amounts of reaching the nuclei from the dif- 
ferent fractions of chromatin all make it very unlikely that the nuclear is due 
to contamination. 

The absence of any difference in the uptake of P®^ between adenosine triphos- 
phate and inorganic phosphate is in accord with the results of Furchgott and 
Shorr (6), who found that extracellular inorganic phosphate exchanges directly 
with the intracellular phosphate and that the terminal phosphate of adenosine 
triphosphate has the same specific activity as the intracellular inorganic phos- 
phates. 

In previous experiments by one of us (5) it was shown that the chromatin of 
the living nucleus is in a state of dynamic equilibrium in which portions of its 
nucleoprotein are constantly being removed and replaced. Since, in the experi- 
ments being reported here, the P®^ from intravenous chromatin was incorporated 
rapidly into the nucleus, the present results suggest that this chromatin partici- 
pates in the same or similar reactions. It seems probable that the alteration in 
type of pneumococcus cultures described by Avery et al. (7) may have been pro- 
duced by an analogous process, although Sonnebom (8) has attributed such 
changes to modification of the cytoplasm. The possibility that extracellular 
nucleic acid or nucleoprotein may become built into the nucleus by this 
mechanism of physiological exchange carries with it far reaching implications in 
cellular physiology and in genetics. For example replacement of part of the 
nucleoprotein at any one locus in the chromosome by a similar but slightly dif- 
ferent portion from the extracellular chromatin may lead to a change in function 
at the locus comparable to a gene mutation. The result would be similar to that 
obtained for pneumococci treated with nucleic acid. 

SUMMARY 

1. A remarkably large fraction of particulate materials derived from chromatin 
labelled with P®® is retained by the liver 3 hours after injection into the femoral 
vein. 

2. It is demonstrated that either whole chromatin or portions thereof become 
incorporated more rapidly into liver nuclei than does inorganic phosphate. 
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The status of our knowledge on the transmission of drugs and poisons throu^ 
the milk of lactating animals has been summarized in Rogers (1, p. 690-591) m 
the work of Hatcher and associates (2) and by Joachimovits (3). While there 
appears to be little or no general tendency for drugs and poisons to be excreted in 
the milk, it is recognized that small quantities of aspirin, calomel, arsenic, iodides 
and bromides appear in the milk subsequent to the administration of therapeutic 
doses of these drugs. It has also been reported that barbiturates may appear in 

human milk (4, 5). , s xi. i 

When cattle eat the white snake root {Eupatorium urticaefohum) or the rayless 

golden rod (Aplopappus heterophyllus) they usually succumb to the disease known 
in veterinary practice as “trembles” (1). It is claimed that if the milk from cows 
that have eaten these toxic plants is consumed by man, symptoms comparable 
to cattle “trembles” develop (1 ) . That the agent responsible for the hemorrhagic 
sweet clover disease of cattle might also enter into the milk is suggested by an 
oteervation of Roderick (6, p. 33-35; 7) who noted that calves from cows who 
were consuming improperly cured sweet clover hay at parturition succumbed with 
the characteristic hemorrhages of the disease. Since the calves had appeared 
physically normal at birth and had died before they were old enough to eat the 
damaged hay, Roderick suspected that the hemorrhagic agent might have been 
transmitted through the milk. This point of view w^ expressed to Professor 
T.ink by Doctor Roderick in a private conversation here in July, 1943. 

Shortly after the causative agent of the hemorrhagic sweet clover disease was 
identified as 3,3'-methylenebis(4-hydroxycoumarin)* (8) it was observed by 
Field, Overman and Baumann (9) that pregnant and lactating rats tolerate 
higher levels of the anticoagulant than normal females. In an extension of this 
study it was noted that the continuous feeding of the anticoagulant to female 
rats with suckling pups caused hemorrhages to appear in the young. The present 

1 Published with the approval of the director of the Wisconein Agricultural Experimei^ 
Station. This work was supported through special grants froin the Graduate Research 
Conunittee of the University and the Wisconsin Alumni Research Foundation . 

This paper represents a phase of the studies on the anticoagulant 3,3'-methyleMbis(4- 
hydroxycoumarin) carried out in the laboratory of Prof. Karl Paul Link (see the Harvey 
Lectures Series XXXIX, 162-216 (194^-44)). I wish to acknowledge my mdebtednesa to 
Professor Link and to Dr. C. A. Baumann for the counsel and guidance they gave me im 
conjunction with this work. 

* Available to the clinician under the trademark DicumaroL 
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paper deals with the quantitative Bqpasurement of the hypoprothrombinemia that 
develops in female rats and their suckling pups when the anticoagulant, 3,3'- 
methyienebis(4-hydroxycoumarin) is given to the mother. Comparable obser- 
vations were made on the hypoprothrombinemia detectable when large doses of 
acetylsalicylic acid are fed to nursing rats (10). 

Methods. Several days prior to parturition pregnant female rats were placed 
on our standard semi-synthetic diet (11) which is deficient in vitamin K. In no 
case was any experiment begun until the diet had been fed for at least 5 days. 
This interval appears to be sufficient to remove the protective effects provided 
by vitamin K and other antihemorrhagic substances in the previous diet (11). 
Shortly after birth the litters were reduced to 6 to 8 young. The experiments 
were begun when the pups were about 3 or 4 days old. The food of the mother 
was not accessible to the pups, hence the only nourishment obtained by the young 
was through the milk of the mother. Blood samples were obtained at the same 
time from the mother and 3 of her litter by cardiac puncture under light ether 
anesthesia. A sample of 0.9 ml. blood was withdrawn from the mother into 0.1 M 
sodium oxalate solution, while 0.45 ml. blood from the pups was withdrawn into 
0.05 ml. of the oxalate solution.’ The prothrombin time of the plasma diluted 
to 12.5 per cent was determined by the procedure developed in this laboratory 
(12). In control studies not included here, the prothrombin time of whole plasma 
(100 per cent) and the 50, 25 and 6.25 per cent dilutions was also measured. But 
the data will be restricted to the prothrombin time of 12.5 per cent plasma (1 
part plasma, 7 parts saline solution) inasmuch as the change in prothrombin 
activity reflected by plasma of this dilution is readily detectable and reproducible 
(12). 

The anticoagulant was mbced directly with the food of the mothers while the 
acetylsalicylic acid was administered by stomach tube as a suspension in 1 per 
cent gum tragacanth solution. 

Experimental. Hemorrhages in suckling pups from mothers fed S ,S'-methy- 
lenebisd-hydroxycoumarin). After feeding 5 mgm. of 3,3'-methylenebis(4-hy- 
droxycoumarin) daily for about 4 days to lactating rats, visible hemorrhages 
appeared in some of the suckling young. The pups would at first show petechiae 
at the extremities, and the growth curve would plateau. After feeding the anti- 
coagulant for 5 to 6 days, spontaneous hemorrhages could be seen in other regions 
of the pups while some died from the hemorrhage. Pools of blood accumulated 
in the abdominal cavity, and spontaneous hemorrhages appeared in the testes. 
The most frequent site of hemorrhagic lesions was the spinal canal and region of 

• It should be indicated that the difficulty of maintaining a significant number of pups of 
the same litter through the experimental period of 4 to 8 days could be overcome by sampling 
only 3 pups at one time. It was anticipated that a technique which involved the cardiac 
puncture of young pups (8-10 grams) and the withdrawal of 50-60 per cent of the circu- 
lating blood, usually hypoprothrombinemic, would result in a high incidence of fatality. 
However, the over-all fatality (10 per cent) was less than expected. It was found that the 
prothrombin time of a pup two days after sampling was unchanged from the first sample. 
Thus, when all pups of a litter had been bled once, those surviving the first sampling were 
available for the second sample. 
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the medulla (11). Vkoble h^orrhages developed in approximately 50 per cent 
of the young. In general, the gross lesions were very similar to those reported 
for cattle and tlie rabbit after the ingestion of spoiled sweet clover ^y (6, 7). 
The mothers would always succumb to a regime of 5 mgm. of the anticoagulant 
fed daily for 6 to 9 days with a widespread and typical diathesis. 

Hypoprothtwribinemda in sudding pups caused by feeding S ,~S'-methyhnebis 
(J^diydroocycounwHn) to their mothers. The prothrombin time of 12.5 per cent 
plasma from large niunbers of normal rats has been found to be about 40 seconds 
(9, 11). The clotting time of 12.5 per cent plasma from lactating mothers was 
likewise 40 seconds and that of their suckling young was 37 seconds (table 1). 
When 5 mgm. of the anticoagulant were fed to the mother, the prothrombin times 
of the plasma from both the mother and young was prolonged above the normal 
value. After 1 day of feeding, the average 12.5 per cent prothrombin times of 
the mothers rose to 77 seconds, while that of the pups increased to 84 seconds 
(table 1). After 2 consecutive daily feedings of 5 mgm. of the anticoagulant, the 
prothrombin time of the mothers was 125 seconds, that of the pups, 121 seconds. 


TABLE 1 

Effect of feeding 6 mgm. of daily to lactating rats on 

the prothrombin time of the mothers and their suckling pups 



PmOTHSOMBIN TIME IN SECONDS OF 12.5 PEE CENT PLASMA 



Normal 

1 day 

2 days 

3 days 

4 days 

NO. OF 
EATS 


Aver- 

age 

Range 

Aver- 

age 

Range 

Aver- 

age 

Range 

Aver- 

Aver- 

age 

Range 


Mothers 

40 

36-46 

77 

71-83 

126 

116^134 

>300 >300 

>300 

>300 

7 

JPupB 

37 

30-43 

84 

57-109 

121 

77->300 

>300 >300 

>300 

>300 

42 


After the mothers had consumed the anticoagulant for three consecutive days, 
a severe state of h 3 rpoprothrombinemia existed. Prothrombin times of 300 
seconds or more were noted for the plasma from both the mothers and the pups 
on whole plasma as well as the 12.5 per cent plasma. Such a drastic prolongation 
of the prothrombin time of the whole plasma indicates that the percentage reduc- 
tion in prothrombin activity approximates 97 per cent of the normal (12, 13). 

Effect of acetyhalicylic acid. It was demonstrated in this laboratory that the 
widely used salicylates induced hypoprothrombinemia in rats (10). Clinical 
workers subsequently were able to show that the salicylates evoke the same 
response in mn.n (14-17). Perhaps the most active anticoagulant of the s^cyl- 
ate class is acetylsalicylic acid (aspirin). Therefore, lactating rats were given a 
100 mgm. dose of aspirin daily in suspension by stomach tube, and at suitable 
intervals blood samples were withdrawn from both mother and young. A defi- 
nite hypoprothrombinemia developed in both the mothers and in the suckling 
pups (table 2). The hypoprothrombinemia was similar to that caused by 3 ,3'- 

methylenebis(4-hydroxycoumarin) although of a reduced intensity. 

Protective effect of vUamin K. The protective capacity of various forms of 
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vitamin K against the action of the anticoagulant in the rat has already been 
reported in detail (10, 11). Consequently, the actual quantitative figures of the 
experiments under consideration need not be given. When 10 mgm. of 2-methyl- 
1 , 4-naphthoquinone^ were fed to the mothers daily simultaneously with 5 mgm. 
of the anticoagulant a border line and variable protective action was noted, with 
25 mgm. of the naphthoquinone the protective action became more regular, while 
with 50 mgm. it was not only quite marked but fairly consistent. Thus the 
average prothrombin time of 12.5 per cent plasma of mothers on the 5th day was 
133 as opposed to over 300 seconds without the naphthoquinone (see table 1) 
while that of the pups was 54 seconds. In other words, the protective effect 
was more apparent in the pup than in the mother. It should be indicated, how- 
ever, that vitamin K cannot protect the rat indefinitely against large doses of the 
anticoagulant (11).® 

Discussion. The experiments have demonstrated that when the anti- 
coagulant 3,3'-methylenebis(4-hydroxycoumarin) and acetylsalicylic acid are 
fed to lactating rats, their suckling pups become hypoprothrombinemic and sub- 

TABLE 2 

Effect of feeding 100 mgm. of acetylsalicylic acid daily to lactating rats on the prothrombin time 
of the mothers and their suckling pups 


PKOTHKOICBIN TIUE IN SECONDS OF 12.5 PEE CENT PLASMA 



Normal 

1 day 

2 days 

3 days 

5 days 

NO. OP 
EATS 


Aver- 

age 

Range 

Aver- 

age 

Range 

Aver- 

age 

Range 

Aver- 

age 

Range 

Aver- 

age 

Range 


Mothers 

40 

37-42 

45 

41-50 

49 

38-61 

77 

49-104 

55 

51-58 

7 

Pups 

M. 

37 

30-43 

49 

38-59 

47 

37-61 

53 

40-81 

47 

38-55 

34 












ject to hemorrhage. Although it had previously been noted that salicylates may 
be transported through the milk (1, 2) the possibility of an adverse effect on the 
infant has not been emphasized. 

It is not known at present whether the 3 ,3'-methylenebis(4-hydroxycoumarin) 
fed to the suckling female rat passes directly into the milk or whether an active 
metabolite from it is the cause of the hypoprothrombinemia and hemorrhage in 
the suckling young. Although it would appear that the mammary gland is per- 
meable to vitamin K, it cannot now be stated that its protective action is due to 
the transmission of the intact molecule or to that of an active metabolite of the 
vitamin. 

* The vitamin K (Menadione-Abbott) was kindly supplied by Dr. Carl Nielsen, Abbott 
Laboratories, North Chicago, Illinois. 

* We have recently shown (18) that the methylxanthines, caffeine, theobromine and 
theophylline, reduce the extent of the hypoprothrombinemia induced by 3,3'-methylenebis- 
(4-hydroxycoumarin) in the dog and rat. Lactating rats receiving 5 mgm. of the anti- 
coagulant daily, were also given 100 mgm. theobromine daily. The prothrombin times of 
both mothers and suckling rats were significantly shorter than those of the controls given 
the anticoagulant alone. 



Davis and Porter (19) have reoea% reported favorable cliMcal remdts in the 

treatment of puerperal thrombosis with 3, 3'-methylenebis(4-hydroxycoumarin). 
It would app^ that when the anticoagulant is used in this disorder tte suckling 
infant should either be withdrawn from the mother when the drug is pven, or the 
prophylactic administration of vitamin K to the infant be considered. 

SUMMARY 

Hypoprothrombinemia and hemorrhage can be induced in suckling rat pups 
and rats given the anticoagulant, 3,3^-methylenebis(4-hydroxycoumarin). By 
administering vitamin K to the mother the extent of the hypoprothrombinemia 
induc^ in the pups was markedly reduced. Hypoprothrombinemia c^ alw be 
induced in suckling rat pups by giving large quantities of acetylsalicylic acid to 
the mother. The possible bearing of these findings on the clinical use of 3,3'- 
methylenebis(4-hydroxycoumarin) is indicated. 
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In previous work from this laboratory (1,2) it was shown that the partition of 
coronary drainage between the <H)ronary sinus and other channels is variable. 
In fact, under certain conditions these accessory channels may actually serve as 
portals for the entrance of blood into the (coronary system (1). At that time it 
was (considered that these channels were mainly dTebesian channels, although we 
recognized that they included accessory (coronary veins draining directly into 
the right auricle. R('(cently Cregg, Shipley and Bidder (3) investigated the 
flow in these ac(cessory veins, which are chiefly anterior cardiac veins, and found 
tliat the flow through them was large. The.se investigators concluded that a.sid(c 
from th(c coronary sinus, the preponderanc(c of (lrainag(c channels in the right 
heart over the left, which we demonstrated, was largely accounted for Ivy tlucse 
anterior (cardia(c veins draining into the right auricle. At any rate, their work 
demanded that a more detailed analysis of drainage of coronary flow .should be 
undertaken, 'rhend'ore, we have att(cm|)ted to measure the five c(vmponents, 
viz: a, coronary sinus; b, other drainage into right auricle (including that of the 
anterior cardiac veins); c, drainage into the right ventricle; d, drainage into the 
left aurickc, and c, (lrainag(' into the left ventrickc. This turned out to be a 
difficult technical problem. It was finally .sohanl, in a manner sufficiently satis- 
factory for our purpose, using hearts taken from dogs immediately after they 
were sacrificed. In these hearts, asi(l(‘ from the customary drainage of the 
coronary sinus Ivy a Morawitz canruda, the auricles were separated from the 
v(>ntricles at the level of the A-\' orifices by sjvecially construct(Hl umbrella-like 
expanding partitions, 'riie.se six-prong expanding devices, attached at both 
ends to a central shaft (fig. 1), were covered by thin readily expandible rubber 
tubing and inserted into the A-\' orifices from above via the superior vena cava 
and a pulmonary vein. When appropriately jilaced in th(’ A-\ openings they 
were expanded by a controlling nut on th(' distal end of the central shaft until 
the orifices were sealed. 'Po avoid injury to the muscle minimal expansion w^as 
used, riie coronary arteries w('re then perl used and t lu* five components of the 
drainage measured and the percentage distribution of the drainage was calcu- 
lated. 

PiiocKDURE. Dogs were anaesthetized with nembutal intravenously (25 
mgm./kilo.) and heparinized (3 cc. of Licpiaemin intravenously'''). The animals 
were then sacrificed by using a lethal do.se of nembutal or sodium cyanide intra- 

* Aided by the A. I). Nast Fund for Cardiovascular Research. 

This department is supported in part by the Michael Reese Research Foundation. 

2 We are grateful to Roche-Organon, Ine., for supplying the Li(iuaemin. 
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venously. The chest was opened and the heart and lungs removed en bloc. 
The lungs, esophagus, and trachea were separated by blunt dissecdlon. 1 he 
aorta, the azygos vein, and a pulmonary vein were cannulated, the former foi 
perfusion of the coronary arteries, the latter for drainage of the right and left 
auricles respectively. The special umbrella-partitions were ins(U*ted via the 
superior vena cava and a pulmonary vein so that the expansile part lay in the 
A-V orifice. The umbrellas were then expanded until the orifices were com- 
pletely occluded. The veins through which they were inserted were tied to the 
shafts of the two devices. Drainage of the right ventricle was accomplished 
by cannulating the pulmonary artery (dissection was avoided l)y using a Mora- 
witz type of cannula). The left ventricle was drained via a cannula inserted 
through a stab wound at the apex. Finally, a Morawitz cannula was intiodiK ed 
through the inferior vena cava to drain the coronary sinus. 1 he remaining 


D 



Fig. 1. Photograph of the adjustable device for occluding the A-V ring orifice. The 
expansible, occluding device consists of six ribs which are hing(‘d at (7, />, and E, - The 
double “umbrella” they form is covered by a thin rubber membrane. H is a hollow tulx^ 
fastened to the “umbrella” at C. The other end of this tube rests against, l)ut is not fas- 
tened to, the threaded nut, A. This nut screws on to a central shaft which runs through B 
and is fastened to the other end of the “umbrella” at E. Thus, by turning A Ww cmitral 
shaft moves through B causing E to move toward or away from C, depending on th(‘ direc- 
tion A is rotated, and the diameter of the “umbndla” at 1) is varical. The six ribs are main- 
tained equally spaced about the shaft by a thick rubber band, F, whicli is t ightly threaded 
through all six ribs close to 1). 

pulmonary veins were tied off*. The five drainage cannulae (unptied into grad- 
uates by means of rubber tubing. The heart was placed on a wire mesh over a 
basin to collect leakage, which was later measured. 

The coronary .System vv^as perfused, via the cannula in the ascending aorta, at 
a pressure of 150 mm. lig with 25 per cent dog serum in physiological Na(d, 
or 100 per cent dog serum at room temperature and the drainage measured. The 
A-V partitions were checked for competence by obstructing the outflow to one of 
the (chambers in each side of the heart and noting whether or not this affected 
the flow from the other chamber. Absence of leakage past the aortic valves was 
demonstrated by the absence of large drainage from the left ventricle. The 
amount of cardiac edema which developed was measured by comparing the heart 
weights before and after perfusion. 

Ri^sults. The data on 18 trials in 8 preparations are summarized in table 1 
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in percentages together with the mean values and standard deviations. The 
leakage varied from 1 to 7.8 per cent, averaging 3.6 per cent. The drainage 
percentages were calculated on the basis of the total drainage in each perfusion, 
exclusive of the leakage, as 100 per cent. 

* The drainage distribution between the right and left heart in these experiments 
is close to that observed in our previous experiments (2) on surviving hearts 

TABLE 1 


Partition of coronary flow drainage 


NO. 

COaONARY 

SINUS 

RIGHT 

AURICLE 

RIGHT 

VENTRICLE 

LEFT 

AURICLE 

LEFT 

VENTRICLE 

RIGHT 

HEART 

LEFT 

HEART 


% 

% 

% 

% 

% 

% 

% 

1 

53.7 

17.0 

25.8 

0 

3.5 

96.5 

3.5 

2 

26.7 

33.3 

25.8 

0 

14.2 

85.8 

14.2 


23.9 

32.5 

32.0 

0 

11.5 

88.4 

11.5 

3 

18.2 

27.7 

44.4 

1.2 

8.6 

90.3 

9.8 


27.9 

26.4 

35.7 

0 

10.0 

90.0 

10.0 

4 

37.8 

24.3 

27.0 

6.8 

4.1 

89.1 

10.9 


28.8 

26.7 

32.1 

2.8 1 

9.6 

87.6 

12.4 

5 

35.4 

29.1 

30.7 

2.4 

2.4 

95.2 

4.8 


39.0 

26.9 

28.4 

2.8 

2.8 

94.3 

5.6 


45.3 

26.0 

22.2 

0.8 

5.5 

92.5 

6.6 

6 

45.3 

12.7 

32.4 

0.3 

9.2 

90.4 

9.5 


47.5 

14.7 

26.8 

1.3 

9.7 

89.0 

11.0 

7 

52.6 

17.3 

25.6 

1.6 

3.0 

95.5 

4.5 


57.2 

14.0 

21.8 

1.5 

5.5 

93.0 

7.0 

8 

21.5 

31.5 

39.0 

0 

8.2 

92 

8.2 


20.2 

31.6 

38.9 

0 

9.3 

90.7 

9.3 


39.6 

23.4 

30.6 

0.5 

6.3 

93.6 

6.8 


34.5 

25.1 

33.9 

3.4 

3.1 

93.5 

6.5 

Mean 

36.4 

24.5 

30.8 

1.4 

7.0 

91.6 

8.4 

Standard devi- 








ation 

11.8 

6.5 

5.4 

1.7 

3.3 




with perfused coronary vessels. In the left heart our results show that most of 
the small drainage is into the ventricle, indicating Thebesian drainage. In the 
right heart, the partition between the coronary sinus, other channels draining 
into the right auricle, and channels into the right ventricle are of the same order 
of magnitude, namely, 36.4 per cent, 24.5 per cent and 30.8 per cent respectively 
of the total coronary drainage. This would definitely show that the Thebesians 
play an important r61e since no veins have been shown to empty directly into 
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the right ventricle. Even in the case of the right auricle, it may be questioned 
if all of the extra-sinus drainage represents drainage via the anterior cardiac 
veins. Some may very well be by way of Thebesian channels. Our results, 
therefore, establish the fact suggested by our previous results, nmely, that 
Thebesian drainage into the right ventricle is an important element in coronary 
drainage. Furthermore, it supports our idea, previously expressed, that these 
Thebesians in the right ventricle may serve as immediate portals of entry of 
blood when the coronary arteries feeding the right ventricle are suddenly or 
gradually occluded. 

These results are not to be considered quantitatively accurate, since repeated 
observations on the same preparation show fairly wide variations. The averages 
of the component drainages differ sufficiently so that qualitative conclusions 
can, however, be drawn. The variability in data is due to errors inherent in the 
method of measurement, viz., 1, the possibility of a shift in the A-V partitions 
permitting slight leaks between the chambers, even though when checked leaks 
are absent, and 2, the development of cardiac edema and compression of the 
myocardium by the partitions might alter the distribution of drainage of coronary 
blood. Although these and other errors may prevent these results from being 
quantitatively accurate, they do not nullify the conclusion that a sigmficant 
right ventricular Thebesian drainage occurs. 

SUMMARY 

1. The coronary arteries were perfused in dogs’ hearts obtained immediately 
after the animals were sacrificed, and the drainage into the coronary sinus, right 
auricle, right ventricle, left auricle, and left ventricle were measured. Special 
umbrella-like partitions were used to seal the A-V openings. 

2. The averages and standard deviation of the percentage flows obtained were: 
coronary sinus, 36. 4 per cent ± 11.8 per cent; the right auricle, 34.5 per cent ± 
6.6 per cent; the right ventricle, 30.8 per cent ± 6.4 per cent; the left auricle, 
1.4 per cent ± 1.7 per cent; the left ventricle, 7.0 per cent ± 3.3 per cent. 

3. Details of technique and errors of method were discussed. 

4. The flow into the right ventricle via the Thebesian channels was shown to 
be of significant magnitude. 
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It has become increasingly apparent that reduction in blood volume is an in- 
variable concomitant of shock developing from hemorrhage, trauma, and bums. 
The present series of experiments was undertaken in an attempt to evaluate the 
magnitude of the blood volume reduction necessary to cause fatal shock in the 
absence of such modifying factors as tissue injury, pain, or anesthesia. 

The problem was approached through studies of unanesthetized dogs in which 
the blood volume was reduced by bleeding to a critical level such that it was 
either just adequate to sustain life and permit spontaneous recovery, or was 
inadequate and led to progressive fatal shock. The emphasis in this paper, 
then, is not on the volume of blood lost but on the adequacy of the volume re- 
maining after physiological compensation. 

Methods. Twenty-three healthy adult dogs, unselected as to breed or sex, 
were used. The animals were given water but no food for 18 to 24 hours prior 
to experimentation. The average body weight was 11.1 kgm. (range 7.8 to 
15.3 kgm.). 

No general anesthetic was employed. The dogs were placed in the supine 
position on a standard padded animal board. Both femoral arteries, one for 
bleeding and recording blood pressure and the other for withdrawing blood 
samples, were exposed under local procaine hydrochloride supported by Neo- 
thesol.® The bleeding consisted of a single massive hemorrhage, averaging 50 
per cent of the blood volume, withdrawn at the average rate of 10 ml. per kgm. 
per minute. In addition to the blood lost in the hemorrhage, 15 ml. were with- 
drawn for the control determination of blood volume and 20 to 30 ml. for the 
blood volume determinations after hemorrhage. Following the acute blood loss, 
the animals were observed for five to six hours or until death supervened. Ob- 
servations were made of changes in blood pressure, heart rate, and rectal tem- 
perature at frequent intervals. An autopsy was performed at death for gross 
examination of the viscera. Those dogs which did not die in five or six hours were 
observed for the next few days until survival was assured. 

Plasma volume determinations were made by the dye dilution method using 
the blue dye T-1824 (Gregersen and Stewart, 1939) and extrapolation of the time- 

^ This work was done partly under a grant from the Josiah Macy, Jr. Foundation and 
partly under a contract, recommended by the Committee on Medical Research, between the 
Office of Scientific Research and Development and Columbia University. 

* Submitted in partial fulfillment of the requirements for the degree of Doctor of Philoso- 
phy, in the Faculty of Pure Science, Columbia University. 

* Two parts of methyl methylene para amino phenylformate and five parts of hydrox- 
benzocarbinol in refined almond oil . (Caso Laboratories, New York City.) 
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concentration eurve on a semUogarithmio “wJT5o!^e 

Tlelative chaaiKes in the serum protein concentration were esti^ted from the 
changes in the^refractive index of the serum by the apphcation of the formula of 
Si" en and Rioch (1923). In a number of 

checked agamst protein determinations by the micro-Kjeldahl method ine 
^terminations showed that, although the absolute 

=i5a>,+lv diffemit (±0 25 gram per cent), there was close agreement between tne 
Ke^ in pSdn concentration as determined by the two ineth^ 
?Siiatocrit was determined on hepa^zed by centrdug^^^^^^^ 

rom for 30 minutes using the Wintrobe hematocnt tube. The total blo^ 
volume was calculated from the measured plasma volume and the hematocnt 
value by the following formula: 

Plaama Volume X 100 


Total blood volume - jqO — (0.96 X Hematocrit) 

where 0.96 is the hemetoctit correction factor for plaema trapped between the 

'te"ofte'tSy-Se doge, each suhie^ to a potonti^y faUl 
hemorrhage by a single massive bleeding, thirteen died and ten survived. 
S^^of tire hiorrhage euatained by toe dog wh.chd.rf 
per cent of the control blood volume (range 44.8 to K.6 “ * 

lone for thoae dog. which mnwived w^ 47.6 per Sr efn^l body 

S ^SSSllrf for tire eurvivala. The average 

;::^on° o?" hSSmge or tooeh perirf forto^e dog. which d.rf wa. 

4 hours, 22 minutes (range 2 hrs., 5 mm. to 6 hrs., 30 ^.)^ 

The blood volume data for both groups are presented m t^le 1. in P 
cent blood volume reduction was calculated from the difference e hemor 

trol blood volume and the volume measured approximately one tour after hemor- 
ihiw The average per cent reduction in the 13 dogs which ^led 43j) 
(rango36.1 to48.0). In toe lOdogswhich 

rhage the average reduction was 34.5 per cent (range 29.0 to 39J P®’' ^ 

The difference between the per cent removed and the per cent reduction is due 
the compensatory replacement of the blood volume. volume. 

If the replacement is expressed as a percentage of th Vnlpnt to 8 9 

toe rerfte tonw toal toe dog. which died had a b*"' Soup 

Tier cent whereas those surviving had a reserve of 13.2 per cent. 8 P 

Siich su’ccumbed, therefore, had only two-thirds as large, a r^rwe ^P^ ^ 

the group which survived. These data are graphically presented by the scatter 

Opacity may be further ^y^ ^^TJd?3^r"iX“p2- 
i p fluid and cells The dogs which died replaced 9.0 and 9.3 per wnt r^pec 

tivdy of the control plasma and ceU volumes, whereas the correspondmg figures 

for the animals which survived were 11.0 and 17.0 per raoidly 

These shifts of fluid and cells into the active circulation occurred very rapid y. 
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The dilution of the serum proteins paralleled the fall in blood pressure and was 
practically complete by the end of the hemorrhage. The average concentration 
Jell from 6.1 to 5.1 grams per cent in those dogs which died and from 5.9 to 5.0 in 


TABLE 1 


EXP. NO. 

WT. 

CONTROL 

% BLED 

BLED 

POST HEMORR. 

% RE- 
DUCTION 

% RE- 
PLACE- 
MENT 
BV 

SUR- 

VIVAt 

TIME 

PVI 1 

BVI 

PV 

BV 

PV II 1 

BV II 

BV 




13 

dogs died in shock 











cc.lkgm. 





min. 

1 

8.7 

475 

915 

54.7 

58.5 

61.6 

260 

475 

48.0 

10.5 

270 

2 

13.3 

690 

1300 

54.4 

57.0 

55.6 

425 

765 

41.2 

15.8 

225 

3 

9.2 

500 

750 

51.0 

56.6 

49.0 

260 i 

400 

46.6 

10.0 

280 

4 

11.4 

520 

945 

47.2 

55.0 

45.6 

305 

545 

42.3 

12.7 

125 

5 

13.0 

685 

1290 

51.8 

53.8 

53.5 

365 

770 

40.4 

13.4 

330 

6 

11.5 

675 

1300 

51.1 

51.5 

58.3 

400 

730 

43.9 

7.6 

240 

7 

13.1 

1090 

1580 

51.8 

51.5 

62.2 

640 

855 

46.0 

6.5 

180 

8 

10.0 

645 

995 

48.9 

51.3 

51.0 

360 

575 

42.2 

9.1 

175 

9 

12.7 

570 

1075 

50.9 

50.7 

43.0 

360 

640 

40.4 

10.3 

195 

10 

11.8 

560 

1120 

50.0 

50.5 

47.8 

340 

600 

46.5 

4.0 

265 

11 

9.4 

585 

970 

45.3 

47.4 

49.0 

360 

570 

41.2 

6.2 

360 

12 

9.9 

585 

1100 

44.4 

45.5 

50.5 

400 

670 

39.1 

6.4 

235 

13 

7.8 

390 

825 

43.6 

44.8 

47.5 

250 

480 

41.7 

3.1 

380 

Average 

10.9 1 



49.6 

51.8 

51.9 


1 

43.0 

8.9 

250 

10 dogs survived shock 

14 

10.0 

550 

950 

50.0 

50.5 

48.0 

370 

600 

36.8 

13.7 


15 

12.2 

720 j 

1075 

42.4 

50.2 

44.2 

475 

735 

31.6 

18.6 


16 

11.0 

735 

1295 

45.6 

50.0 

58.6 

534 

780 

39.7 

10.3 


17 

11.2 

705 

1240 

48.3 

49.6 

55.0 

460 

810 

34.6 

15.0 


18 

15.3 

780 

1560 

44.2 

48.5 

49.0 

530 

1040 

33.4 

15.1 


19 

11.4 

670 

1125 

44.4 

47.5 

47.0 

410 

735 

34.6 

12.9 


20 

13.5* 

580 

1075 

44.8 

47.0 

37.5 

390 

690 

35.8 

11.2 


21 

9.4 

665 

970 

42.1 

45.0 

47.9 

415 

665 

31.5 

13.5 


22 

9.0 

540 

905 

41.6 

44.2 

44.5 

390 

645 

29.0 

15.2 


23 

10.2 

555 

1070 

44.1 

44.0 

46.0 

380 

665 

38.0 

6.0 


Average 

11.3 



44.8 

47.6 

1 47.8 



34.5 

13.2 



BV I - BV II 

PV *= Plasma volume; BV « Blood volume; % Reduction BV = ^ 


% Replacement BV = ^ X 100 = % Bled - % Reduction; 

% Bled includes volume of hemorrhage -h all samples up to BV II. 

♦Marked obesity. 


the surviving animals. Changes in the hematocrit, however, were unpredictable. 
In some cases the magnitude of the splenic reflex was such that the post-hemor- 
rhagic hematocrit was higher than the control. In other cases it was the same 
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or lower The (i<^ which died showed a fall in hematocnt from the 
Ltrol value of 46.6 per cent to 42.0 per cent. In the dogs which s^rvivf toe 
hematocrit remained, on the average, practically constant gomg from 
44.4 per cent in spite of the simultaneous addition of tissue fluids as evidenced by 
toe fail in protein concentration. 



% BLOOD VOLUME REDUCTION 

Fig. 1. 23 Dogs bled by single massive hemorrhage 

The blood volume determinations were made approximately one hour after 
the hemorrhage because at this point the conditions were fairly f^able. Ifae 
blood pressure had begun to level off and the hematocrit and protein 
tions remained remarkably constant. Eepeated blood volume 
two to three hours later in six of the survivmg animak showed a capacity for co 
tinned replacement at the average rate of 2.6 per cent of the control blood volume 
per hour during toe first few hours of toe recovery phase. Smce the pwt-hemor- 
rhagic ceU volume remained practically constant in these dogs, the cell reserves 
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having been exhausted, the increase was from the body fluids. This was an in- 
crease at the average rate of 6.5 per cent of the control plasma volume per hour. 
Adolph, Gerbasi and Lepore (1933) reported similar observations on the rapidity 
of the shifts of cells and fluid in amytalized dogs subjected to rapid, massive 
blood loss. 

Observations on the blood pressure, heart rate, and rectal temperature made at 
frequent intervals during the post-hemorrhagic period showed the changes 
characteristic of hemorrhagic shock. The average values for these observations 
are presented in table 2. 


TABLE 2 


dogs bled by single massive hemorrhage 



13 DIED 

10 SUEVIVED 


Aver. 

Range 

Aver. 

Range 

Blood pressure (mm. Hg) 


1 


90-126 

Before hemorrhage 

113 

96-146 

106 

6 min. after hem 

33 

! 20- 46 

36 

30- 60 

Approx. 2 hrs. after hem 

65 

46- 80 

70 

60 -96 

Heart rate (beats/min.) 





Before hemorrhage 

96 

70-136 

94 

60-130 

5 min. after hem 

126 

50-166 

132 

76-180 

Approx. 2 hrs. after hem 

217 

166-280 

177 

140-200 

Rectal temp. C*C.) 





Before hemorrhage 

39.0 

39.8-38.2 

39.2 

39.6-38.6 

Maximum change 

-1.0 

-fO.6 to -3.6 1 

-0.2 

4-1.4 to -1.7 


At autopsy, gross examination of the viscera revealed the changes frequently 
described in fatal hemorrhagic shock. Briefly, the salient findings consisted of 
submucosal and mucosal hemorrhages in the upper end of the small bowel and, in 
about half the cases, markedly hemorrhagic areas in the lower colon. The ad- 
renals had flame-like hemorrhages throughout the cortex. Subendocardial 
hemorrhages of varying degree were always observed in the papillary muscles of 
the left ventricle and occasionally in the leaflets of the mitral valve. 

Discussion. From the quantitative standpoint the study of hemorrhage is a 
study of the balance between the magnitude of the blood loss and the degree of 
compensation. There is at one extreme the loss of blood at such a slow rate that 
the animal’s own replacement mechanisms can adequately compensate for the 
small continuous loss. The other extreme is a rapid exsanguination from which 
the animal dies immediately. Between these two lies the study of inadequately 
compensated blood loss which leads to hemorrhagic shock. It is the blood vol- 
ume at this critical level, or the border between survival and death, with which 
we are here concerned. 

It is well recognized that the volume of blood which it is necessary to withdraw 
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in order to cause death is a function of the rate of bleeding. This point has been 
recently studied by Elman et al. (1944), They clearly demonstrated that the 
magnitude of a fatal hemorrhage is inversely correlated with the volume lost per 
unit time. The single rapid hemorrhage was employed in the present study in 
order to prevent, as far as possible* the introduction of the element of time during 
the bleeding as an additional variable. In order to evaluate the minimum effec- 
tive blood volume it was necessary to bleed these animals to the point of death. 
The volume of the hemorrhage, therefore, was of such magnitude that it was 
potentially fatal. Those animals which died several hours after hemorrhage 
were considered to have sustained a blood volume reduction slightly in excess of 
the irreducible minimum. Those animals which survived and were able to 
recover unaided from the severe hypotension and shock were considered to have 
been bled to very near the minimum compatible with survival. 

The observations on the blood volume reduction in the twenty-three dogs 
subjected to a single massive hemorrhage may be more clearly discussed by re- 
ferring to figure 1. The 46° line through the origin is the expected value for all 
cases. A dog blhd 50 per cent of its total blood volume would have an expected 
reduction of 50 per cent. Because of the mechanisms for compensatory replace- 
ment, however, the per cent reduction is always less than the per cent removed. 
It is apparent that the magnitude of this compensation is the deciding factor 
(as far as blood volume is concerned) between survival and death in this type of 
hemorrhage. Those animals which were able to call upon sufficient reserves 
survived if the blood volume reduction was less than 40 per cent, while those 
animals which were bled a comparable amount but were unable to restore their 
depleted volumes as adequately died with a reduction of 40 per cent or greater. 
This appears to be a rather critical level for the unanesthetized dog. In this 
series no dog survived a reduction greater than 40 per cent, and only one dog died 
with a reduction less than 40 per cent. Statistically more significant is the blood 
volume data on 79 dogs all in hemorrhagic shock but in which shock was produced 
by different methods of bleeding, i.e., rapid, slow, intermittent. Twenty-nine 
of these animals survived and only one had a reduction in excess of 40 per cent, 
while 60 died and only 5 had less than a 40 per cent blood volume reduction at the 
time when it was measured. Expressed in another way, it would appear that 
60 per cent of the normal blood volume is the irreducible minimum compatible 
with survival for the unanesthetized dog. With less than this amount in circu- 
lation the animA.1 will go into progressive shock which, if untreated, results in a 
fatal outcome within a few hours. 

In the course of these experiments, in which shock was produced by a smgle 
rapid hemorrhage, five additional dogs were used. The data are not reported 
here as these animals would have died in less than fifteen minutes had they not 
received replacement therapy. Two of these dogs were bled 46 per cent of their 
blood volume and the others between 50 and 56 per cent. This point is discussed 
in order to emphasize the fact that a standard shock preparation cannot be con- 
sistently produced by the letting of a fixed percentage of the measured blood 
volume. Although from figure 1 it would appear that the removal of 61 per cent 
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or more of the blood volume would result in 100 per cent fatalities, the scatter- 
gram fails to reveal the fact that such a procedure would result in a large per- 
centage of deaths from acute circulatory failure and not hemorrhagic shock. 

SUMMARY 

1. Blood volume studies were carried out on twenty-three unanesthetized dogs 
in hemorrhagic shock produced by a single rapid bleeding. 

2. Determinations were made of the magnitude of the compensatory reserves 
involved in the early restoration of the blood volume. These reserves averaged 
10.7 per cent of the control blood volume but ranged from 3 to 18 per cent. 

3. It was concluded that for dogs under these conditions the blood volume must 
be reduced by at least 40 per cent to lead to progressive fatal shock. 
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Experimental hemorrhagic shock may be induced either by 1, the rapid re- 
moval of a predetermined quantity of blood, or 2, the intermittent letting of a 
variable quantity until, by one or more criteria, the animal is judged to be in 
shock. Published methods for the standardization of these procedures are of 
the second type. Wiggers and Werie (1942) have developed such a method for 
anesthetized dogs. In principle it is based on the removal at definite time inter- 
vals of proportionately smaller volumes of blood until the mean arterial pressure 
falls to a ‘‘shock level.’^ However, in order to avoid the possibility of spontane- 
ous recovery, the mean pressure of all the dogs must be reduced below the level 
from which any one dog might recover. 

Weston et al. (1943) have developed a modification of the graded bleeding 
method by avoiding the strict adherence to some fixed blood pressure level as 
the sole criterion of shock. These authors established empirically a set of limit- 
ing values for blood pressure, circulation time, and arterial CO 2 . If any two of 
the three criteria were satisfied, the animal was considered to be in a standard 
state of shock. 

Regardless of the method employed, if the magnitude of the blood loss is 
limited by the determination of some value which indicates that the state of 
shock already exists, the period of induction will vary from animal to animal. 
For this reason it would be advantageous to have a method in which shock could 
be consistently produced by the rapid removal of some predetermined quantity 
(rf blood. This approach would have the additional advantage of permitting 
observations of the progressive development of shock subject to biological varia- 
tion instead of forcing the organism to conform to some arbitrary pattern. 

Attempts to standardize hemorrhagic shock on the basis of the size of the 
hemorrhage have, in the past, failed to produce a reliable method. If the bleed- 
ing consists of the removal of a fixed quantity of the measured blood volume, the 
results are uncertain due to the wide range in the dog^s ability to compensate for 
blood loss (Walcott, 1944). If on the other hand the hemorrhage is based on 
the removal of a fixed quantity of blood per unit of body weight, the results are 
even more uncertain due to the introduction of an additional variable, i.e., the 
ratio of blood volume to body weight. 

^ This work was don© partly under a grant from the Josiah Macy, Jr. Foundation and 
partly under a contract, recommended by the Committee on Medical Research, between the 
Office of Scientific Research and Development and Columbia University . 

• Submitted in partial fulfillment of the requirements for the degree of Doctor of Philoso- 
phy, in the Faculty of Pure Science, Columbia University. 
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The solution to the problem lies in the selection of some physiological deter- 
minant other than blood volume or body weight. As will be shown in this paper, 
such a determinant is the bleeding volume. As emphasized by Lawson (1943) 
this volume is a function of many variables, both constitutional and physiological, 
such as genetic characteristics, age, the state of hydration and nutrition, the com- 
pensatory reserves of both fluid and cells, the total blood volume itself, and the 
physiological fitness of the circulatory system as a whole. The magnitude of 
the bleeding volume, then, is the resultant of the combined effects of many of 
these variables. 

Since the bleeding volume is the maximum volume of blood an animal can lose 
by a single rapid bleeding, it may be defined as a 100 per cent hemorrliage. 
This offers a convenient basis for standardization. The method in this paper is 
based on the determination of the bleeding volume and the immediate return of a 
fixed percentage of the blood collected. The amount returned can be predeter- 
mined to produce hemorrhagic shock of varying degree from the mildest S 3 mip- 
toms to 100 per cent fatalities. The technique to be described is for the produc- 
tion of fatal shock. It is based on the return of 25 per cent of the bleeding 
volume and so, for descriptive purposes, may be defined as a 75 per cent hemor- 
rhage. 

Technique. The unanesthetized dog is secured in the supine position and 
both femoral arteries are exposed, one for taking blood samples and the other for 
bleeding and recording blood pressure. The arteries are exposed under local 
procaine hydrochloride which is supported by NeotliesoP for more lasting local 
anesthesia. The arterial cannulae, through which the blood is withdrawn, are 
made of J inch straight glass tubing drawn down to tips of various sizes. The 
cannula tip is made as stubby and thin-walled as practicable with a minimum 
amount of ^ Vasting’’ in order that the effective bore may be as large as possible 
for any given outside diameter. A piece of 'Transflex’'^ transparent plastic 
tubing 1| feet long is attached to the end of the 2§ inch glass cannula. The 
bleeding tube and cannula are given a thin coating of petrolatum jelly on the 
inside, and a drop of Liquaemin*" is introduced by capillarity into the constricted 
tip before tying it into the artery. The artery is not tied off and cannulated 
until just prior to bleeding. These details are presented in order to emphasize 
the importance of taking every precaution to avoid clotting at any point. 

The course of the hemorrhage is brief. The first 200 to 400 ml. of blood are 
withdrawn, by using slight negative pressure, into 100 ml. syringes moistened 
with 0.1 ml. of Liquaemin in 1 ml. of saline. The tips of the syringes (without 
adaptors) are inserted directly into the end of the bleeding tube. The hemor- 
rhage is continued by allowing the blood to run freely into a paraffined graduate 
from the open end of the bleeding tube held at the level of the heart. Two con- 
ditions must be satisfied before the bleeding is terminated : the animal must have 

■ Two parts methyl methylene para amino phenylformate and 5 parts hydroxybenzocar- 
binol in refined almond oil. Caso Laboratories, New York City. 

* Irvington Varnish and Insulator Co., Irvington, New Jersey. 

* Heparin in saline. Roche -Organon, Inc., Nutley, New Jersey. 
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gone through a state of functional decerebration, and the bleeding must be con- 
tinued for at least 30 seconds after the appearance of an interrupted flow or 
dripping. This is a necessary precaution as the flow may become interrupted at 
the first appearance of functional decerebration and later return to a continuous 
flow if respiration is still active and forceful. When it is apparent that the bleed- 
ing is virtually complete, 25 per cent of the blood removed is immediately re- 
turn^ to the circulation. The blood is injected from the 100 ml. syringes as 
rapidly as possible through a large needle inserted in the femoral vein or, more 
simply, via the bleeding tube and arterial cannula (see Kohlstaedt and Page, 1943, 
on the relative merits of the venous and arterial routes for infusions). Fre- 
quently the end point of the bleeding coincides with respiratory failure, but as 
arterial blood is being injected respiration is resumed spontaneously after the 


TABLE 1 


EXP. MO. 

WT. 

BV I 

BLDO. V. 

KETURM 

BLDO. V. 
%BVI 

BLDG. V. 

BV II 

TIME 

MXA8. 

% XEDUC. 
AT 150 
ION. 

8UB> 

VIVAL 

TIME 


kgm. 

ml. 

ml. 

ml. 


m./kg. 

ml. 

min. 


min. 

1 

13.0 

1040 

790 

195 

76.0 

60.7 

620 

190 

39.7 

345 

2 

18.6 

1675 

1300 

320 

77.6 

69.9 

990 

60 

42.6 

316 

3 

11.4 

1065 

710 

170 

66.6 

62.3 

645 

80 

42.3 

310 

4 

13.4* 

1180 

940 

226 

79.6 

70.2 

665 

165 

43.6 

270 

5 

9.1 

870 

540 

130 

62.0 

60.0 

485 

190 

43.1 

255 

6 I 

14.9 

1600 

1010 

250 

63.1 

67.8 

935 

90 

43.8 

250 

7 

13.3 

1305 

820 

200 

62.8 

61.6 

720 

200 

44.2 

230 

8 

11.8 

1105 

800 

195 

72.4 

67.8 

695 

130 

47.0 

200 

9 

19.8* 

1410 

1135 

275 

80.5 

57.3 

740 

130 

47.6 

183 

10 

13.2 

1200 

795 

196 

66.2 

60.2 

650 

116 

47.5 

155 

Average . . . 

13.9 




70.7 

63.8 



44.1 

260 


BV ** Blood volume; Bldg. V. = Bleeding volume; % Reduc. at 160 min. »* 
[BV I — (BV II db ml. removed between time measured & 150 min.)] X 100 


BV I 

* Marked obesity 

re-admission of the first 100 ml. In the present series approximately 10 ml. of 
blood were withdrawn at half-hour intervals after the hemorrhage for analysis 
of the changes in blood chemistry and blood volume. 

RjE»ui/rs. Observations have been made on 30 unanesthetized dogs in which 
hemonhagic shock was produced by the method described above. All 30 ani- 
mals died within IJ to 6f hours, the average survival time being 3 hours, 45 
minutes. The bleeding volumes averaged 62.4 ml. per kgm. of body weight 
(range 42.0 to 88.6 ml. per kgm.). Blood volume determinations on 10 of these 
dogs were made before and 1 to 3 hours after hemorrhage using the T-1824 dye 
metiiod (Qregersen and Stewart, 1938; Gregersen and Rawson, 1943). These 
data are presented in table 1. The bleeding volume averaged 70.7 per cent of the 
measured blood volume (range 62.0 to 80.5 per cent). The post hemorrhage 
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determination showed an average blood volume reduction of 45.3 per cent at the 
time it was measured (range 40.4 to 47.5). The values presented in the table for 
the per cent reduction have all been corrected to 150 minutes after hemorrhage 
by adding or subtracting the amount of blood removed as samples between the 
time of the blood volume determinations and 150 minutes. 

A general picture of the blood volume changes is graphically presented in figure 
1. This is based on the average values for 10 dogs. At zero time the measured 
circulating blood volume was considered as 100 per cent. Below the base line 
the average reserves are represented as equivalent to 14 per cent of the control 
volume, but individual values varied from 6.9 to 24.0 per cent. This represents 
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Fig. 1. Blood volume changes 75 per cent hemorrhage 10 dogs (aver.) 

the capacity of the animals to mobilize cell reserves and tissue fluids in compensa- 
tion for blood loss. The determination of the bleeding volume, which required 
on the average 7 minutes, resulted in the removal of approximately 70 per cent 
of the blood volume. One quarter of this bleeding volume (equal to 17 per cent 
of the control volume) was immediately reinjected. The entire procedure was 
completed in 9 minutes. The reserves are depicted as having moved into the 
active circulation by the end of the 75 per cent hemorrhage. Although in this 
series these reserves were not measured until some time later, it has been pre- 
viously established (Walcott, 1944) that the shift is virtually complete by the 
end of a rapid massive hemorrhage. The final column represents the blood vol- 
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iiTWA approximately 150 minutes after hemorrhage showing the furthw depletion 
caused by the removal of half-hour blood samples. These 10 dogs had at this 
time an average blood volume reduction of 44 per cent. 

• The clinical course of these animals after the acute blood loss followed a pat- 
tern t3rpical of the unanesthetized dog in fatal hemorrhagic shock. From an 
initial hypotension of approximately 40 mm. Hg the blood pressure recovered to 
an average value of 60 mm. Hg and remained at this plateau until the last third 
(rf tile survival period during which it slowly fell off to 25 mm. Hg and then 
rftpidly to zero. The heart rate, however, continued to increase as shock pro- 



gressed, rapidly at first and then more slowly, reaching an average maximum of 
214 beats per minute one-half hour before death. The charts of blood pressure 
and heart rate for 10 of these dogs have been reproduced in figure 2. Respiration 
invariably failed before the heart stopped beating. During the gradual decline 
<rf blood pressure in the late stages of shock, the animals showed signs of restiess- 
nesB pimaing over into a state of depression and finally coma. During the initial 
and terminal periods of hypotension, the animals usually went through the 
motions diaracteristic of the act of defecation. These motions were repeated at 
diort intervals and, althou^ they soon ceased to be expulsive, they were often 
ccmtinued for long periods. 
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Autopsies were performed at death on each animal for gross examination of the 
viscera. The pathological changes in the heart and intestinal mucosa . associated 
with hemorrhagic shock in the dog were invariably observed. These changes 
will not be dealt with in this paper. It may be interesting to note, however, that 
the extent of the pathology of the lower bowel was directly correlated with the 
defecation motions. Those animals in which the motions occurred at more 
frequent intervals and for longer periods of time showed the most marked mu- 
cosal and submocosal hemorrhages of the sigmoid colon and rectum. 

Discussion. The question as to whether the procedure of determining the 
bleeding volume does not in itself predispose to fatal shock may be answered by 
a consideration of the following evidence. Blood volume measurements on one 
dog subjected to the determination of its bleeding volume, but in which all the 
blood was immediately returned, showed a loss one hour later of only 5 ml. over 
and above the 15 ml. removed as samples. The other criteria remained virtually 
unchanged except for a slight and transient elevation of the blood pressure imme- 
diately after the reinfusion. This might be ascribed to a persistence of the sym- 
pathetic discharge and the temporary augmentation of the blood volume by the 
influx of tissue fluids and cell reserves during the bleeding. An additional 5 dogs 
were subjected to a 50 per cent hemorrhage (50 per cent of the bleeding volume 
returned). The post-hemorrhagic blood volume was measured in one of these 
dogs. The reduction was 23.2 per cent. All 5 dogs showed only a moderate 
degree of hypotension. One hour after bleeding the mean arterial pressure 
averaged 88 mm. Hg and the heart rate 144 beats per minute. They all survived 
and were observed during the recovery period for 5 days before being sacrificed. 

Another group of 5 dogs was subjected to a 63 per cent hemorrhage (37 per 
cent of the bleeding volume returned). Four of these animals survived with an 
average blood volume reduction of 30.7 per cent. The blood pressure one hour 
after bleeding averaged 61 mm. Hg and the heart rate 130 beats per minute. 
Blood chemistry studies of lactate, phosphate, blood gases, and pH showed evi- 
dence of moderately severe, but not progressive, hemorrhagic shock. These 4 
dogs, although subjected to a continued blood loss of 10 ml. every half-hour for 
5 hours after bleeding and kept in the cage for an additional 16 hours without food 
or water, showed a capacity for continuous replacement of the plasma volume. 
The dogs were sacrificed on the fifth day. The fifth dog in this group which 
underwent a 63 per cent hemorrhage died in the cage some 10 hours after bleed- 
ing. It was apparent from the control blood volume that this animal came to 
experimentation in a dehydrated state. One hour after hemorrhage the blood 
volume reduction w^as 36.4 per cent. The volume of blood samples removed 
during the subsequent 4 hours of experimentation was sufficient to cause a calcu- 
lated reduction of 42.5 per cent. This is in excess of the critical level of 40 per 
cent reduction (Walcott, 1944) and would explain the fatal outcome. 

The observation that unanesthetized dogs which die in hemorrhagic shock 
have a blood volume reduction of 40 per cent or greater is further substantiated 
by the data from the present series. The 10 dogs in which the blood volume was 
determined 1 to 3 hours after a 75 per cent hemorrhage had an average reduction 
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at tliat time of 45.3 per cent. The range from 40.4 to 47.5 per cent is probably 
caused mainly by variations in the capacity for replacement at the time of 
hemorrhage. In general those dogs with the greatest reserves had the least re- 
duction after the bleeding. 

The duration of the survival period is inversely related to the extent of the 
blood volume reduction. That the animals with the greatest reduction died in 
the shortest period of time is shown in figure 3. The implications of this observa- 
tion may be further discussed. It is possible to calculate the terminal blood 
volume reduction for each animal by subtracting from the measured post hemor- 
rhage volume the blood samples subsequently removed up to the time of death. 
This predicted terminal reduction averaged 48 per cent with a range of only 
dll. 5 per cent. It would appear then that the procedure of withdrawing blood 
samples every half hour is an essential part of the method where a 75 per cent 
hemorrhage is employed. It is as though the animal would live until the blood 
volume h^ been reduced to 52 per cent of the normal — a terminal value incom- 
patible with life. Had the samples not been withdrawn, the survival time of 
some of these animals would undoubtedly have been prolonged, perhaps even 
to the point of recovery. 



Fig. 3. 75 % hemorrhage 10 dogs 

It is more than a presumption that the removal of the bleeding volume is a 
fatal procedure if none is replaced. The decerebrate rigidity, the frequent fail- 
ure of the respiratory center, and the fact that the blood was dripping very slowly 
all point to a totally inadequate circulation. In fact, all 30 dogs died despite the 
25 per cent replacement of which less than half was subsequently removed as 
samples. This 100 per cent mortality is difficult to reconcile with the results of 
the experiments reported by Ivy et al. (1943), who used the bleeding volume in a 
study of blood substitutes in unanesthetized dogs. In their control series 8 out 
of 50 dogs survived the determination of the bleeding volume without any subse- 
quent replacement. A recalculation of their published data indicates an average 
bleeding volume of 51.5 ml. per kilogram, with the animals having a bleeding 
volume less than 36 ml. per kilogram discarded from the series. The average 
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bleeding volume of the 30 dogs reported in the present paper was 62 ml, per kilo- 
gram. The lowest value recorded was 42 ml. per kilogram in a dog almost 
pathologically fat; the next lowest value was 51.2 ml. per kilogram. The differ- 
ence between the higher bleeding volumes reported in this paper and the results 
of Ivy et al. might be due to the recognition that the flow may resume after it first 
becomes interrupted. Continued bleeding to the end point, which is assured by 
the strictest avoidance of all possibilities for clotting in the bleeding apparatus, 
is the most probable explanation for the higher bleeding volumes found by the 
present writer. 

The values for the bleeding volumes reported in this paper are considerably 
higher than those obtained under various anesthetics. When ether was used as 
the anesthetic agent, Mann (1915) and Roome, Keith and Phemister (1933) 
found arterial bleeding volumes of 48.2 ml. per kilogram and 40. 0 ml. per kilo- 
gram respectively. The latter authors also reported that the bleeding volume 
of dogs under barbital anesthesia was 45.5 ml. per kilogram. Harkins (1935) 
used barbital and found a value of 39.0 ml. per kilogram. 

SUMMARY 

1. A method is presented for the standardization of hemorrhagic shock in the 
unanesthetized dog. 

2. The method consists of the rapid determination of the bleeding volume fol- 
lowed immediately by infusion of 25 per cent of the blood collected. This pro- 
cedure requires less than 10 minutes. A fixed volume of 10 ml. is subsequently 
withdrawn at half-hour intervals. 

3. This method of bleeding invariably produces fatal hemorrhagic shock. 

4. In a series of 30 dogs on which this method was employed the survival time 
averaged 3 hours, 45 minutes. 
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The effect on man, in the seated posture, of acceleration in the same direction 
as that of gravity, so that he is pushed harder into his seat, is of great interest 
because military aviators, in combat maneuvers, are subjected to this type of 
stress. The many advantages of using small experimental animals in the ex- 
ploratory phases of this problem are off-set, to some degree, by certain disad- 
vantages, which should be explicitly weighed when animal experimentation is 
performed with the human problem as the main consideration. 

Man is a biped and so has developed a vascular system peculiarly suited to 
react quickly and favorably to the sudden assumption of the upright position. 
Experiments on animal.ti other than the primates are therefore subject to the 
criticism that the inherent mechanisms to withstand acceleration in these animals 
are probably not equivalent to man’s. For this reason, results drawn from such 
animals must apply with less cogency to man than is generally the case. But 
they can nonetheless serve as guideposts in the choice of human experiments. 

Another difficulty in experiments on smaller animals is that the practical con- 
venience of choosing death as the end-point of the biometric titration means that 
we compare death in the animal with “black-out” (retinal ischemia) in man. 
This difficulty, while real, does not seem intrinsically invalidating, since there 
must be some inherent relationship (subject to biological variation) between 
the “black-out” threshold and the acceleration required to cause death. 

In man, the acceleration is applied for a ^ort duration, usually not more than 
20 seconds, and the time-acceleration curve is not s 3 Tnmetrical. How should 
one duplicate this physiological event in a mouse, for example? Should one 
choose the same time span for acceleration as in man? Or should the span be 
adjusted to the relative life spans of the two species; or to the relative duration 
of a single normal respiration orbeart beat? This quandary is a real one because 
resistance to' acceleration in man appears to be composed of instantaneous re- 
sistance— primarily the ability of the brain to maintain function ischemically, 
and subsequent resistance, secondary to the ability of the vasomotor system to 
restore blood to the brain. (Still later, other mechanisms enter.) None of the 

* The work described in this paper was done under a contract, recommended by the Com- 
mittee on Medical Research, between the OflBce of Scientific Research and Development and 
the John B. Fierce Foundation. 

• Now Lieutenant Commander, MC-(S), USNR. The opinions or assertations contained 
herein are the private ones of the authors and are not to be construed as official or reflecting 
the views of the Navy Department or the naval service at large. 
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previously mentioned hypotheses for choosing a time of exposure to acceleration 
calls for a longer acceleration span than in man, yet many of the animal experi- 
ments hitherto reported have used such intervals. Practically, one is constrained 
to use a minimal duration roughly equal (though perhaps not biologically) to a 20 
second exposure in man, because the high acceleration required for a lethal result 
in small animals cannot be achieved faster without a large special centrifuge, 
or an untowardly high angular acceleration, itself a complicating factor. 

A consequence of the choice of death as the end-point is that the control for 
each treated animal must, of course, be another animal, rather than himself, as is 
the case in man. This result, how^ever, is not of great moment, since statistical 
analysis on adequately large numbers can reveal validity, irrespective of this 
necessity for the use of a separate control group. 

The value of experimentation wdth the mouse or rat, even though the conclu- 
sions cannot be translated into terms for humans without reservations and sub- 
sequent confirmation, is considerable. The small animals are very inexpensive, 
compared to the pay for human subjects; they are still easily available, unlike 
young healthy adult male humans today; they require almost no expenditure of 
money for apparatus, as compared to the high cost of the human centrifuge; 
and they take much less time than is needed in experiments on man. Many of 
the difficulties in using small animals, as has been noted above, can be minimized 
or eliminated by proper design of statistically valid experiments. Examples of 
experiments on mice, using the ordinary laboratory electric centrifuge, will be 
given in which the effects of harmful, innocuous and beneficial drugs and of the 
mouse's weight and previous posture are illustrated. 

Method. The laboratory electric centrifuge with rheostat w^as first chosen, 
since it is generally available. The mouse w^as thereupon decided on as the ex- 
perimental animal, since it will fit comfortably into the 50 cc. centrifuge cup, 
which provides it with a centrifuge of approximately an 8 inch radius. The ratio 
of this radius to the length of the mouse compares favorably with the correspond- 
ing ratio of the best human centrifuge. 

All the mice were drawn from pure, thoroughly stabilized, albino colonies. 
Two separate colonies were utilized, but in the statistical analysis the two groups 
were also treated quite separately so that homogeneity of the biological material 
was as great as possible. Only young adult males were used, since the interest 
is primarily in military applications to young men. 

The mice were placed in cylindrical wire mesh cages, open at one end, about 
the size of the 50 cc. glass centrifuge tube. The cage was then placed in the brass 
cup so that the closed end of the cage protruded slightly, and the mouse would 
stay upright, until swung, so that the force of the acceleration was always cau- 
dally directed. The animals were somewhat supported by the cage and cup in a 
crouched position similar to sitting, once the acceleration started, so that hernia 
of the abdominal wall rarely occurred. 

The program of an experiment was to place the mice in the cages, the treated 
one always diametrically opposite his control, and then, after making sure that 
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th^y all had remained head up, they were spun by rapidly moving the rheostat 
pointer to no. 5 on its dial (an arbitrary position). After 15 seconds at this posi- 
tion, with the centrifuge steadily gathering speed, the electric current was inter- 
rupted, allowing the centrifuge to coast for 2| seconds, and then the brake was 
applied, stopping the centrifuge in the remaining seconds, to complete a run 
of 20 seconds’ duration. The mice were now examined promptly to make sure 
none were dead or in extremis. Peering through the mesh cage or blowing on 
them usually sufficed to answer this question, but in case of any doubt the cage 
was Avithdrawn from the cup. A mouse either recovers rapidly or dies soon after 
being spun, in our experience, so that little trouble was experienced in determin- 
ing the result of a spin. When a mouse died, it was left in the centrifuge to 
maintain the weight and balance of the rotor, while the number of the spin in 
which the mouse died was recorded on a piece of paper placed in his cage. 

After the examination was completed — in no case less than one minute, the 
centrifuge was spun again for the second time, in every way like the first spin, 
except that the rheostat pointer was advanced to no. 6 instead of no. 5. Succes- 
sive spins went to successively higher numbers on the rheostat dial (higher 
speeds), the experiment being terminated when all the animals had been killed. 
Then their weights and their fatal spin numbers (the number of successively 
faster spin trials required to kill them, FSN) were recorded with those of their 
controls. 

While the weights of the mice were restricted by the choice of young adult 
males, no further attempt was made to pair animals by weight. Examination of 
figure 1 in which the average weights of mice for each fatal spin number (FSN) 
throughout the range are compared, shows no correlation between weight and 
acceleration resistance, which justifies a completely indiscriminate pairing. 

Control and test mouse were always treated exactly alike. When drugs were 
tested, they were administered intraperitoneally, dissolved in saline, compared 
with a pure saline control, and the skin puncture was sealed immediately with 
Duco cement. 

To test the effect of previous posture on the resistance of mice to acceleration, 
they were confined in cylindrical cages with access to water and food. The 
control group was confined but maintained horizontal and the test group was 
tilted at an angle of 45° or 30°. In the first study, the cages were wide enough 
to permit the mice to turn around with difficulty. Casual observation indicated, 
surprisingly, no apparent predilection for either head-up or head-down tilting. 
The later experiments therefore maintained all the mice in cages so narrow as to 
prevent their turning around. 

Statistical methods. In the absence of knowledge that the fatal spin 
numbers (FSN) of our strain of mice were normally distributed about some cen- 
tral value, it was unjustified to take FSN as an index of acceleration resistance, 
average the results for many mice, and compare, with the usual statistical 
methods, this average with the average for a control group, even assuming that 
runs for the centrifuge at the various rheostat settings were adequately repro- 
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ducible. If FSN were not distributed in accordance with the probability curve, 
the usual statistical methods, which assume such a normal distribution, would 
not apply. Accordingly, we had the alternative of first demonstrating the nor- 
mal distribution of FSN or of using a statistical method not dependent on the 
assumption of normality. Fortunately, the second alternative did not exclude 
the first: The method chosen ultimately permitted a fairly satisfactory con- 
comitant demonstration of the validity of FSN as an index of acceleration re- 
sistance, without the risk of loss of mice and time if FSN had turned out not to 
be normally distributed. 

Of the three possibilities, namely, that the treated mouse is more resistant, less 
resistant, or equal in acceleration resistance to his control, only the first two are 
statistically useful, although the frequency of occurrence of pairs of equal re- 
sistance has value in weighing the relative significance of results. Discarding 
pairs in which both mice died on the same spin, one is left with a set of pairs 
where the treated animal died after his control, and a set where he died before 
his control, corresponding to heads and tails in coin-tossing. Here it is not 
necessary for the statistical analysis for the centrifuge runs to be very similar 
(although they were, so far as possible, since we wished to use FSN as an index), 
because the treated mouse is compared solely with his control. It is important 
that similarity be maintained only so that the same type of acceleration resist- 
ance in different pairs is studied. Accordingly, the usual binomial coefiScient 
expansion, as used in the analysis of the probability in coin-tossing, becomes 
applicable. Tables 1 to 3 illustrate this mode of analysis. 

Meanwhile, as these data accumulated, the FSN of the controls themselves 
could be made into a table to determine whether FSN were normally distributed. 
Inspection of the general shape of the envelope of the columns shown in figure 1 
indicated that FSN was fairly normally distributed and that it could properly 
be used statistically as a numerical index of acceleration resistance. 

One plan of experiment, using FSN, is to confine one’s attention to the indi- 
cated acceleration protection in terms of FSN of each experimental pair. For 
example, if an experimental animal died on the sixth spin and his control died on 
the seventh spin, the protection conferred would be minus 1 ; if the control died 
on the fourth spin, protection would be plus 2. In this way, if 15 pairs of mice 
were studied, 15 values of protection w ould be found, and one can then deter- 
mine whether the average protection afforded (whether positive or negative) 
is significantly different from zero. However, alternatively, one could average 
separately the FSN of the 15 controls and of the 15 treated mice and then deter- 
mine whether the difference between the means is signficant: that is, w^hether 
the experimental and the control groups can still be considered interchangeable 
selections from the same untreated population of mice. This plan has the great 
virtue that, where small numbers are involved, and the ‘‘students” t method is 
employed, in obtaining conclusions from small numbers (less than 30), the table 
for t is entered for two less than the total number of animals (28, in this example), 
instead of one less than the number of pairs (14, in this example) (1). Such a 
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method, while it increases the effective number of animals, increases the pre- 
cision of discrimination of a positive from a negative result only if the homo- 
geneity of the mice and the uniformity of the experimental procedure are ade- 
quate to render unimportant the matching statistically of each treated mouse 
by his own control. When we examined our data by these two methods, we 
found that the more economical one, where matching was not the basis, could be 

employed, and we have therefore used it. 

Results. 1. Weight: Figure 1 has already been referred to above. The 
average weight of the mice dying at each spin number is seen to be unrelated to 
the spin number. We conclude that the weight of our young adult male mice 
did not significantly affect their relationship to acceleration. 
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Fig. 1. Fairly normal statistical distribution of fatal spin numbers justifying their 

use as index of acceleration resistance. j i 

Lack of correlation between acceleration resistance and weight in 98 young adult male 


mice. 


2 . Erg&novine: One of the alkaloids found in the ergot group is ergonovine.* 
It is supposed to stimulate the sympathetic nervous system without antegonizing 
adrenalin (2). Its effect on mice was tested with the results seen in table 1, 
where the “coin-tossing” type of statistical analysis described was employed. 

It is apparent that large doses are definitely deleterious and so, to a lesser 
extent, are the smaller doses. It is clear from the table that at no range of dos- 
» We are indebted to Dr. K. K. Chen and Eli Lilly & Company for a generous supply of 
this drug. 
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age was there evidence of a beneficial effect of the drug. Slight exophthalmos, 
piloerection, and unsteady gait were found after toxic doses. 


TABLE 1 

The effect of ergonovine {Lilly) 

Deleterious in large doses. Protection by smaller doses 


DOSE EIGONOVINE 

miMBEK or TREATED MICE 

PER CENT LIKE- 
LIHOOD or RESULT 
BEING DUE TO 
CHANCE 

Total treated 

Same resistance 
as control 

More resistance 
than control 

Less resistance 
than control 

mgtn. 

i 





0.4 

19 

2 

2 

15 

0.1 

0.2 

17 

4 

5 

8 

29 

0.1 

15 

2 

4 

9 

13 

0.025 

18 

6 

5 

7 

39 

0.2 

] 





0.1 

} 50 

12 

14 

24 

7 

0.025 

1 





0.00625 

21 

1 

11 

9 

41 


3. Pitressin: Pitressin is believed to improve acceleration resistance in man 
(3). The same ^‘coin-tossing'' method of analysis is used here as for ergonovine. 


TABLE 2 

The effect of 'pitreeein 


Confers protection on low resistant mice alone 



NUMBER or TREATED MICE— PITRESSIN 

PER CENT 






LIKELIHOOD 


1 

Same 

More 

Less 

or RESULT 



resistance 

resbtance 

resistance 

BEING DUE 



as 

than 

than 

TO CHANCE 



control 

control 

control 


Death of one of pair before 7th spin. . . . 

12 

1 

11 

0 

0.05 

Death of one of pair after 6th spin 

29 

4 

14 

11 

35 

Total 

41 

5 

25 

11 

1.40 


While pitressin clearly is statistically effective, when the group is examined as 
a whole, it is noteworthy that its influence is primarily in the least resistant 
third of the mice. 

TABLE 3 


The effect of 'pitressin with atropine 
Greater protection than with pitressin alone 


NUMBER or TREATED MlCE—PltRESSIN AND ATROPINE 

PER CENT LIKELIHOOD 
or RESULT 

BEING DUE TO CHANCE 

Total 

Same resistance 
as control 

More resistance 
than control 

Less resistance 
than control 

20 

1 

16 

3 

0.2 


4. Pitressin with atropine: When atropine is added to the pitressin, the net 
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effect is more marked than that of pitressin alone, as seen in table 3, where again 

the “coin-tossing” analysis is utilized. 

The addition of atropine has increased the resistance of the whole group of 
mice, rather than only the least resistant one-third, since that group, as shown in 
table 2, had already received enough protection so that none of the treated mice 

remained in this group. . i j 

In table 4, the result of numerical FSN analysis, averaging the control and 
treated groups separately, is shown. Pitressin with atropine increased Ihe FSN 
by 1.90 (from 7.85 to 9.75) with only a 3/10 per cent likelihood that this result 
is due to a chance error. 

A graphic illustration of the statistical method used is given in figure 2. 


TABLE 4 

Numerical measurement of resistance conferred by pitressin with atropine 






STANDARD 

PER CENT 


MEAN 

STANDARD 

MEAN 

error of 

UKELIHOOD 

muhbek of mice 

RESISTANCE 

ERROR 

PROTECTION 

MEAN 

OF RESULT 

(FATAL SPIN 

OF MEAN 

CONFERRED 

PROTECTION . 

BEING DUE 


number) 

RESISTANCE 

CONFERRED 

TO CHANCE 

Control 

7.85 

0.49 

1.90 

0.63 

0.3 

Pitressin with atropine 

9.76 

0.39 



5. Dilantin: No significant effect of dilantin was found. In 14 cases, the 
treated mouse outlived his control; in 11 cases, he died first; in 2 cases they died 
together. Accordingly, the drug is considered innocuous insofar as resistance 
to acceleration is concerned. 

6. Previous posture: The symptoms of orthostatic hypotension have been sue- 
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cessfully treated by having the patients sleep in beds tilted slightly, head up (4). 
The possibility that keeping mice continuously tilted before centrifuging might 
raise their resistance to acceleration was therefore explored by confining them in 
cylindrical wire-mesh tubes supplied with food and water. Half of the cages 
were tilted at 45° with the mice head up. However, the mice did not maintain 
this position: at any time, about half would be found head down. 


TABLE 5 

Effect of inclined posture for one week 
No protection found 


NUICBEK OF TILTED MICE 

MEAN PKOTECTION 
IN FATAL 

SPIN NO. (FSN) 

j 

PER CENT LIKE- 
LIHOOD OF RESULT 
BEING DUE TO 
CHANCE 

Total 

Same resistance 
as control 

More resistance 
than control 

Less resistance 
than control j 

13 

2 

6 

5 

0.3 

50 


It was found that all but one of the mice (a control) survived and that the 
tilted posture without regard to the position of the head had no significant effect 
on acceleration resistance. 

Since the mice did not prefer the head-up position, they were confined in nar- 
rower cages in which they could not turn around. Problems of feed* ig and 
watering were somewhat difficult. Six of the fourteen mice tilted to 45° died in 
the 4-day period of the experiment, as did 2 of the 14 confined controls. The 8 
remaining tilted mice were spun, as were the 12 controls, the method of group 
analysis previously described being employed so that all 16 mice could be 
counted. 


TABLE 6 


Effect of semi-upright posture for four days 


NUMBER OF TILTED MICE 

MEAN PROTECTION 

PER CENT LIKE- 
LIHOOD OF RESULT 

Total 

Same resistance 
as control 

More resistance 
than control 

Less resistance 
than control 

XJSI EAlA-ltf 

SPIN NO. (FSN) 

BEING DUE TO 
CHANCE 

8 

0 

7 

1 


3.5 





2.1 

6.4 


The tilted survivors were found to be significantly more resistant than the 
controls, with an estimated protection of 2.1 FSN. 

However, this result is complicated by the fact that almost half of the tilted 
group were eliminated, possibly because their resistance to the acceleration of 
gravity was lower than that of the survivors. That is why this experiment does 
not yield an unambiguous result. 

Repetition of the experiment, with completely adequate methods of feeding 
and watering, using an angle of 30° tilt for 2 days (this period at a very much 
smaller angle applied at night is efficacious in orthostatic hypotension in man), 
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the period which all of the mice survived in the experiment given in table 6, gave 
the following result: 

TABLE 7 


Effect of eemi-upright posture for two days 
No significant effect 


NtJMBEK OF TILTED MICE 

MEAN PEOTECnON 
IN FATAL 

SPIN NO. (FSN) 

PEI CENT LIKE' 
LmOOD OF XESULT 
BEING DUE TO 
CHANCE 

ToUl 

Same resistance 
as control 

More resistance 
than control 

Less resistance 
than control 

14 

2 

8 

4 

1.14 

19 

20-30 


An average protection of 1.14 FSN was found, which is not significant. 

Discussion. While acceleration resistance is commonly considered to be 
dependent, to some extent, on age, within our range of young adult mice no corre- 
lation was found. 

Why ergonovine reduced the acceleration threshold of our mice is not clear. 
This drug has not been widely studied so that conclusions concerning its expected 
activity are subject to considerable error. 

The effect of pitressin is of considerable interest, since the analysis indicat^ 
its value only in the least resistant mice, where its effect is so considerable as still 
to be revealed even when the whole group is studied, despite the dilution of one- 
third by the more resistant unaffected two-thirds of the group. The vagus slow- 
ing of the heart caused by pitressin can be abolished by atropine, thus causing a 
sustained increase in blood pressure (5). It seems likely that the beneficial 
effect of pitressin with atropine^ found in the whole group may be explained by 
the sustained increase in blood pressure, caused by the combination of these 
drugs, which tends to counteract the increase in the normal pressure decrement 
between brain arteries and aorta found during radial acceleration. However, 
tViia conclusion is tentative, since the effect of atropine alone was not assay^. 

The innocuous effect of dilantin suggests that the value of this drug in raising 
the altitude ceiling of mice (6) is restricted to cerebral anoxia and does not extend 
to cerebral ischemia, the probable cause of death in our accelerated mice. 

The results of tilting mice preliminary to centrifuging them are diflScult to 
interpret. Though there was slight protection found on the average (1.14 FSN), 
this result with the numbers employed was not significant. Possibly, repetition 
of the experiment in sufficient numbers would confirm the result and render it 
significant. Possibly, more than a two day period of tilting is needed to reveal 
a more definite result. However, in line with our earlier caution as to the trans- 
lation of results of experiments on mice to men, even a negative result in mice 
should not militate against trial of the tilted bed procedure in man, like that suc- 
cessful in hypotension, since the vasomotor system of a biped is so much more 
likely to be highly capable of adapting itself to changes in position than that of 
a quadruped. 

^ Atropinization was suf&cient to increase pulse rate. 
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Our main purpose here has been to illustrate a technique for obtaining sta- 
tistically valid conclusions concerning acceleration resistance of mice on the 
ordinary laboratory centrifuge. Examples of deleterious, innocuous, and bene- 
ficial drugs have been recorded, as well as the effects of another type of procedure 
— preliminary tilting. 


SUMMARY AND CONCLUSIONS 

1 . Mice serve as satisfactory animals in the laboratory centrifuge for measuring 
numerically resistance to acceleration in terms of fatal spin number (FSN), 
the number of spins of equal duration, but progressively higher top speed, re- 
quired to cause death. 

2. Ergonovine, throughout its dose range, reduces the resistance of mice to 
acceleration. 

3. Pitressin increases the resistance to acceleration of mice with low initial 
resistance and is without influence on mice of average or high resistance. 

4. Pitressin with atropine extends the protection to acceleration afforded 
mice by pitressin alone. The protection of the combination is 1.9 FSN. 

5. Dilantin is without effect on the acceleration resistance of mice. 

6. Preliminary tilting of mice, without maintaining the head up, has no effect 
on the acceleration resistance of mice. Tilting, keeping the head up, may pos- 
sibly have a protective influence if continued for 4 days; after 2 days, the slight 
beneficial influence found was not significant. 

REFERENCES 

(1) Fisher, R. A. Statistical methods for research workers. 5th ed. , Edinburgh, 1934. 

(2) Gaddum, J. H. Pharmacology. London, 1940. 

(3) Fulton, J. F, Science 96; 207, 1942. 

(4) MacLean, a. R. and E. V. Allen. J. A. M. A. 116: 2162, 1940. 

(5) Gruber, C. M. and W. M. Kountz. J. Pharmacol, and Exper. Therap. 39: 276, 1930. 

(6) Hoff, E.C. AND C.Yahn. Fed. Proc. 2:22, 1943. 



STANDARD HUMAN SERUM ALBUMIN STABILIZED WITH SODIUM 
PHENYLACETATE AND SODIUM MANDELATE 

Toxicity Studies 
DAVID L. BASSETT 

From the Department of Anatomy, Stanford University School of Medicine 
Received for publication October 16, 1944 

Observations of BaUou, Boyer, Luck and Lum (l^a, b) have sho^ that 
the thermal stability of standard human serum albumin solutions is significantly 
increased by the addition of non-polar anions in low concentration. Nephelome- 
ter studies and “cloud-point” determinations by these authors demonstrated 
that such anions enhanced the stability of standard 25 per cent human serum 
albumin at 50° and 57° and raised the 30 second “cloud-point” temperature. 
The following substances, sodium butyrate, sodium caproate, sodium caprylate, 
sodium phenylacetate, sodium mandelate and sodium phenylbutyrate, all were 
found to be effective stabilizers of the albumin solution. The possibility of 
stabilizing albumin to higher temperatures and for longer times than is now feasi- 
ble has prompted an investigation of the hemolytic effects and toxicity of such 

From a comparison of the results of nephelometric and cloud-point deter- 
minations of the above authors as well as from preliminary trials both in-mtro 
and in-vivo, albumin solutions stabilized with two of the above anions were 
chosen as suitable for further study prior to recommendation for clinical tnal. 
Although sodium butyrate was found to be very satisfactory as a stabilizer and 
to be free of toxic effects, its use was rejected because of the offensive odor 
of am nil amounts of free butyric acid present in the preparations. 
phenylbutyrate, while not affecting erythrocytes seriously in vitro, produced 
spastic changes in the hind limbs of mice when injected intravenously and was 
consequently discarded. Sodium caproate was not invratigated for ^ 

toxicity. Sodium caprylate in the concentrations studied (0.15M / 

caused in vitro and in vivo hemolysis. The effects of human serum albumin 
stabilized with sodium phenylacetate and mandelate upon human red cells 
in vitro, and the consequences of the intravenous injection of these salts, with 
and without albumin, into mice and rabbits is submitted in the present study. 

Methods and results. Sodium PhmyUcetaie. In vitro hemolysis experi- 
ments. One cubic centimeter solutions of standard 25 per cent hurn^ serum 
albumin were prepared as described by Ballou et al. (1944a) and stabihz^ vuth 
various concentrations of phenylacetate or phenylacetate plus sodium chloride. 
The pH of these preparations ranged from 6.8 to 7.2. In all samples a small 
amount of free acid was present in addition to the sodium salt. One cubic centi- 
meter samples were tested for hemolytic action upon human erythrocyto at 
room temperature. To each sample system approximately 0.02 cc. of fresh 
whole human blood or twice washed human erythrocytes was added. Micro- 
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scopic examination of the cells, begun immediately after mixing and continued 
for several minutes thereafter, gave a comparison of the amount of red cell 
distortion produced in a sample of stabilized albumin with the appearance in a 
control solution. The tubes were examined for hemolysis during the first 5 
minutes after setting up the system and again in 18 to 24 hours. The degree of 
hemolysis was estimated and recorded on an arbitrary scale ranging from zero to 
four plus for complete lysis of the cells. Although no hemolysis was found in any 
sample containing phenylacetate or mandelate, some degree of distortion of the 
erythrocytes occurred in all systems and is indicated in the tabulation below. 
Control samples of 0.1 5M sodium chloride alone and 0.3M sodium chloride with 
25 per cent albumin were utilized. Samples of 0.1 5M phenylacetate with albu- 
min produced less red cell distortion than similar samples minus the albumin, 
although the reverse effect was observed in the 0.3M phenylacetate systems. 
One sample containing 0.05M phenylacetate, 0.25M sodium chloride and 25 
per cent albumin had received a preliminary heat treatment at 65°C. for 1 hour 
in connection with experiments (Luck, 1944) on methods of heat sterilization 
and removal of readily flocculable material from solutions of albumin before final 
filtration and packaging. This sample behaved in an identical manner in these 
experiments with a similar preparation which had received no heat treatment. 
Table 1 presents the results of the experiments with phenylacetate-albumin 
preparations. 

In vivo experiments. Intravenous injections of phenylacetate-albumin prepa- 
rations were made into the tail veins of unanesthetized mice in a standard dose 
3 cc./kgm. body weight (comparable to the therapeutic dose in humans) or in 
multiples of that dosage. The general appearance and behavior of the animals 
as well as the rate, depth and regularity of respiration was noted for a period of 
five or ten minutes after each injection. No evident deleterious effects were 
observed in eleven mice following the injection of preparations ranging in con- 
centration from 0.05M to 0.3M phenylacetate in 25 per cent albumin. An 
initial dose of 3 cc./kgm. of a 0.3M phenylacetate-stabilized albumin solution 
followed after fifteen minutes by a 6 cc./kgm. dose was without effect. 

Two experiments were conducted with rabbits lightly anesthetized with 
nembutal. Arterial blood pressure from the common carotid artery, pulse rate, 
respiratory rate and rectal temperature were recorded. In one rabbit a solution 
of 0.05M phenylacetate and 0.25M NaCl in 25 per cent albumin was introduced 
into the external jugular vein in a dose of 3 cc./kgm. at the rate of 5 cc./min. 
Although the rectal temperature fell gradually during the entire experiment 
from 39.8° to 38.7° there was no effect on pulse rate, blood pressure or rate or 
depth of respiration. A second dose one half hour later similarly was without 
effect. A second rabbit received two comparable doses of a similar albumin 
preparation which had been heated at 65° for one hour. There was no change 
in blood pressure, heart rate, respiration or rectal temperature following the 
injections in this animal. 

An attempt was made to find a minimum lethal dose of phenylacetate-sta- 
bilized albumin by the injection into mice of large doses of such albumin solu- 
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tions containing a high concentration of sodium phenylacetate. A 26 per cent 
albumin solution with 1.2M sodium phenylacetate was prepared. When in- 
jected into mice in a single dose of 3 cc.^^gm. this preparation caused no apparent 
toxic effect. However, five mice which each received one dose of 6cc./kgm. 
exhibited transient listlessness and respiratory irregularity which disappeared 
within five minutes. A second dose of 6 cc./kgm* given to two of these animals 

TABLE 1 


In vitro hemolysis tests. Standard human serum albumin stabilized with sodium 

phenylacetate 


PKEPA*ATION 

SAMPLES 

WHOLE HX7MAM BLOOD 

WASHED HUMAN EEYTHEOCYTES 

TESTED 

Hemolysis 

Distortion 

Hemol 3 rsis 

Distortion 

0.15M NaCl 

26% albumin 

6 

0 

0 

0 

0 

0.3M NaCl 

26% albumin 

3 

0 

+ 

0 

+ 

0.16M phenylacetate 

2 

0 

++4-+ 

0 

++++ 

0.16M phenylacetate 
26% albumin 

3 

0 

-f+ 

0 


0.16M phenylacetate 
0.16M NaCl 

2 

0 

— h 

0 

+++ 

0.16M phenylacetate 
0.16M NaCl 

26% albumin 

2 

0 

1 

0 

+ + 

0.3M phenylacetate 

2 

0 

+ 

0 

-f 

0.3M phenylacetate : 
26% albumin 

3 

0 

-f-f 

0 

+4- 

0.06M phenylacetate 
0.26M NaCl 

26% albumin 

1 (unheated) 

0 

not done 

0 

4- 

0.06M phenylacetate 
0.26M NaCl 

26% albumin 

1 (heated 1 
hr. @ 66°.) 

0 

not done 

0 

4- 


resulted in more evident toxicity immediately following the injection and causod 
death within three hours. Single doses of 3 cc./kgm. of a IM phenylacetate- 
albumin system in twelve mice, 6 cc./kgm. in three mice and 9 cc./kgm. in four 
mice produced no apparent adverse effects. A trial of 2M phenylacetate in 
distilled water was made. Single 3 cc./kgm. doses into seven mice resulted in 
the rapid death of two of the animals and pronounced respiratory slowing and 
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irregularity and great listlessness in the remaining animals, although the latter 
recovered their normal appearance and behavior after ten minutes. 

Sodium Mandelate, In vitro hemolysis experiments. These experiments were 
conducted as for the phenylacetate systems and the results are presented in 
table 2. In concentrations within the range suggested for clinical use from 
nephelometer and ^‘cloud-point’^ studies (0.05M and 0.08M sodium mandelate) 
no hemolysis occurred and with 0.08M mandelate red cell distortion was absent. 

In vivo experiments. Intravenous injections of the two preparations listed in 
table 2 produced no observable effect in doses of 3 cc./kgm. given to groups of 
ten mice. The 0.08M mandelate system in a dose of 9 cc./kgm. likewise caused 
no effect in nine mice, although transient respiratory slowing appeared in one 
other animal and persisted for approximately thirty seconds. 

The introduction of two doses (3 cc./kgm.) of 0.08M mandelate-albumin 
solution one half hour apart resulted in no significant alterations of blood pres- 
sure, heart rate, temperature or respirations as recorded in two rabbits. 


TABLE 2 

In vitro hemolysis tests. Standard human serum albumin stabilized with sodium mandelate 


PREPARATION 

SAMPLES 

WHOLE HUMAN BLOOD 

WASHED HUMAN ERYTHROCYTES 

TESTED 

Hemolysis 

Distortion 

Hemolysis 

Distortion 

0.04M mandelate 
0.26M NaCl 

25% albumin 

2 

0 

+ 

0 


0.08M mandelate 
0.22M NaCl 

25% albumin 

2 

0 

0 

0 

0 

i 


In an attempt to determine the minimum lethal dose of sodium mandelate for 
mice, a 1.2M mandelate concentration in 25 per cent albumin was utilized. 
Doses of 3 cc./kgm. produced no effect in five mice. When the dosage was 
increased to 6 cc./kgm., transient respiratory slowing with rapid recovery (§-l 
min.) was the only observable effect in five animals. Nine mice which received a 
single dose of 9 cc./kgm. all showed respiratory difficulties varying from transient 
slowing to complete stoppage for several seconds followed by a period of dyspnea 
lasting for about five minutes. Three mice received 12 cc./kgm. doses intra- 
venously (an amount equivalent to about one-third of the animal’s blood volume) 
and all exhibited symptoms similar to those of the previous group. The animals 
recovered and appeared normal twenty-four hours later. 

CONCLUSIONS 

1. Preparations of standard human serum albumin to which concentrations 
of phenylacetate ranging from 0.05M to 0.3M had been added caused varying 
degrees of distortion in the shape of human red cells in vitro., but no hemolysis 
occurred within twenty four hours at room temperature. 
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2. ' Albumin preparations stabilized with 0.04M to 0.08M mandelate caused 
no hemolysis, and, in the case of the latter concentration, no detectable red cell 
distortion. 

3. No deleterious effect was observed after the intravenous injection of 3 cc./ 
kgm. of the phenylacetate or mandelate-stabilized albumin preparations into 
mice. 

4. Intravenous injections of 3 cc./kgm. of a 0.05M phenylacetate-stabilized 
albumin solution into two anesthetized rabbits caused no change in pulse rate, 
blood pressure and rate or depth of respiration. 

5. Similar injections of 0.08M mandelate-stabilized albumin in two rabbits 
were without effect on pulse, blood pressure or respiration. 

6. Lethal concentrations for mice of either phenylacetate- or mandelate- 
albumin solutions could not be prepared for injection in any volume consistent 
with the animal’s blood volume. 
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It has been shown that insulin is digested in vitro by many proteolytic enzymes 
and that its hypoglycemic action is destroyed by such enzymes (1, 2). Pepsin, 
trypsin, papain and cathepsin inactivate insulin in vitro, while aminopoly- 
peptidases, protaminase, carboxypeptidases and dipeptidases do not, apparently 
because insulin does not constitute an adequate substrate for their action (3, 4). 
There are few reports on the action of proteolytic enzymes on insulin in vivo, 
although the suggestion has been made frequently that proteolytic enzymes may 
be responsible for the destruction of insulin in the body tissues and fluids, both in 
normal and pathological conditions (1,2). Furthermore it is known that insulin 
is destroyed by the enzymes of the digestive tract, which explains the fact that 
it is inactive when given per os. Buckley (5) observed transient elevation of the 
blood sugar after subcutaneous injection of a single dose of a trypsin preparation 
into rabbits and suggested that this effect could be explained by a destruction of 
insulin by trypsin in vivo. However, trypsin, injected into animals, has many 
other effects, among which are the production of necrosis of the skin and the pro- 
duction of a special type of shock (6). It is conceivable that some of these effects 
would explain the hyperglycemic action of trypsin, without there being a direct 
action of trypsin on insulin in vivo. 

The present communication reports the results of further investigation of the 
effect of proteolytic enzymes on insulin in vitro and on the blood glucose of ex- 
perimental animals. The proteolytic enzyme used in this work was chymotryp- 
sin. 

Material and methods. Crystalline chymotrypsin prepared according to 
the method of Kunitz and Northrop (7) was used in all experiments. It has the 
following advantages: chymotrypsin is available in very pure form, is optimally 
active at the pH of the blood (7), is much less toxic than trypsin, and 
consequently larger doses, having more proteolytic activity, can be injected with- 
out killing the experimental animals (8), and it is active in vivo since it causes 
digestion of the blood fibrinogen when it is injected intravenously (8). 

The crystalline chymotrypsin^ which contained about 50 per cent MgS 04 by 
weight was dissolved in 5 to 20 ml. of physiological saline solution, and injected 
intravenously into 9 dogs and 22 rabbits. The dogs were anesthetized by 0.4 ml. 
per kgm. of a 10 per cent aqueous solution of sodium pentobarbital given by vein. 
The rabbits were not anesthetized. All animals were fasted for 14 to 24 hours 
before the experiment was begun. 

‘Died January 3, 1945. 

* Obtained from the Plant Research Laboratory, Bloomfield, N. J. 
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Blood glucose determinations were made on the dog blood by the Somog^- 
Benedict method (9) and on the rabbit blood by the micro-method of Folin- 
Malmros as adapted for the Evelyn photoelectric colorimeter (10). pH deter- 
minations were made with a glass electrode and using a Beckman pH meter. 

Results. 1. The inactivation of insulin by chymotrypsin in vitro. Fifty umts 
of insulin were incubated at 37°C. and at pH 7.1 with 10 mgm. of ch^otrypsin 
in a total volume of 25 ml. Five milliliters of the mixture, representing 10 units 
of insulin, were injected intravenously into rabbits after varying periods of time. 
Blood glucose determinations were made, and the rabbits were observed for con- 
vulsions. The results (table 1) show that the insulin was completely inactivated 
by ch 3 rmotrypsin within 30 minutes. 

TABLE 1 


Effect of chymotrypsin on insulin in vitro 


BABBIT 

NO. 

WEIGHT 

MHCTUmE A* 
QUANTITY 
INJECTED 

laXTUEE Bt 
QUANTITY 
INJECTED 

BLOOD GLUCOSE 

CONVULSIOHt 

0 

Ihr. 

hr. 

4 hr. 


kgm. 

ml. 

ml. 


mgm./ 100 ml. 



1 

1.8 

6 


100 

120 

100 


0 

2 

1.9 

6 


94 

90 

88 


0 

3 

1.8 

6 


98 

103 

102 


0 

4 

1.7 

6 


76 

103 

110 


0 

6 

1.9 

6 


87 


116 


0 

6 

2.6 

6 


123 



100 

0 

7 

2.8 

6 


67 



86 

0 

8 

2.1 

6 

1 

60 



106 

0 

9 

1.9 


4.6 

84 




4- (at 80 min.) 

10 

1.9 


4.6 

93 




4- (at 46 min.) 


♦ A : 60 units insulin + 10 mgm. chymotrypsin + 3 ml. phosphate buffer + HjO to make 


26 ml. incubated at 37°C. and pH 7.1. 

t B: 16 units insulin 4- 1 ml. phosphate buffer -f HjO to make 10 ml. incubated at 37°C. 
and pH 7.1. 

t Every animal was observed for convulsions for 6 hours after the injection. 

2. Effect of chymotrypsin on the hypoglycemic effect of insulin in rabbits. When 
10 units of insulin and from 15 to 39 mgm. per kgm. of chymotrypsin were in- 
jected simultaneously into opposite ear veins in 6 rabbits, the usual hypoglycemic 
action of insulin was observed. In 5 of the rabbits the insulin caused hypogly- 
cemic convulsions, and in the other rabbit the blood sugar was lowered to 29 mgm. 
per 100 ml. two hours after the injection of the chymotrypsin. 

3. Effect of intravenous injection of chymotrypsin on the blood glucose. In 6 
fasting and unanesthetized rabbits the changes in blood glucose follovdng the 
injection of from 25 to 27 mgm. per kgm. of chymotrypsin were not sigmficant. 
The only possible exception occurred in one rabbit where a progressive rise in the 
blood glucose level to a maximum of 135 mgm. per 100 ml. was observed when 
25 mgm. per kgm. of chymotrypsin were injected intravenously and the injection 
was repeated 30 minutes later. In one of two control rabbits receiving saline 
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intravenously instead of chymotrypsin, the blood glucose level went higher than 
in the other animals (142 mgm. per 100 ml.). 

In 12 experiments chymotrypsin was injected intravenously into fasting un- 
anesthetized dogs. The blood glucose level did not change significantly after 
the injection in 7 experiments. In 5 experiments there was a slight rise in blood 
glucose, which never exceeded a level of 145 mgm. per 100 ml. of blood (table 2, 
expts. 1, 3, 4, 5, 7). The rise in blood glucose was observed to appear 60 to 240 
minutes following the injection of chymotrypsin. 

In 2 dogs 50 mgm. per kgm. of MgS 04 were injected, amounting to more than 
twice the maximum quantity of MgS 04 that was given when the chymotrypsin 

TABLE 2 


Effect of chymotrypsin on the blood sugar of dogs 


§ 

§ 

H 

g 

1 

1 

BLOOD SUGAB 

Before injection 

Minutes after injection 

w 



1 

60 

30 1 

IS 

0 

IS 

30 

45 

60 

90 

1 120 

ISO 

180 

240 

300 



kgm. 

mgm.! 

kgm. 







mgm.flOO ml. 






1 

1 

16 

20 


95 

102 

98 

no 

99 

108 1 

114 


138 


129 



2 

2 

9 

25 

94 

91 


93 


86 


87 

71 

78 

81 


91 



3 

7.7 

25 

94 

70 


83 


74 


112 

112 

112 


124 

124 


4 

4 

8.8 

25 

63 

86 


66 


70 


66 

88.5 

120 


109 

107 

107 

5 

1 

16 

25 

125 

117 





116 


129.5 

135 


145 

99 

123.5 

6 

2 

9.1 

25 

87 

93 





82,4 


100 


103 

100 

88 

100 

7 

3 

8.5 

26 

65 



65.5 




54 



81.5 




8 

7 

10.5 

26 


86 


92 




no 


no 

121 


102 


9 

8 

7.5 

26 


93 


84 




66.5 


76.5 

77 


105 

106 

10 

9 

15 

15* 

100 





102.6 


102.6 


111.2 

111.2 

108.2 



11 

8 

8.1 

28 




83.6 




95.2 


87 

77 

77 

87 


12 

12 

7.8 

26 


92.7 




92.7 


79.7 

87.9 

90 

88 

82 




* The chymotrypsin was injected intramuscularly into this animal. 

Intravenous injections lasted 2 to 3 minutes, except in dog 4 where the injection lasted 
1 hour. 


preparation containing MgS 04 was injected. No effect on the blood glucose was 
observed following this quantity of MgS 04 . 

The possiblity was investigated that chymotrypsin, by proteolysis of plasma 
proteins, might liberate non-sugar reducing substances that would be calculated 
as glucose in the sugar determination. This could have explained the slight rise 
in blood sugar level observed in 5 of the dogs. Ten cubic centimeters of oxalated 
blood, mixed with sodium fluoride, were incubated with 20 mgm. of ch 3 rmo- 
trypsin, and blood glucose determinations were made at intervals by the Somogyi- 
Benedict method. No change in the glucose level of such blood was de- 
monstrable over a period of 4 hours. 

Discussion. The data reported here show that chymotrypsin inactivated 
insulin in vitro^ presumably by proteolyzing it. According to Fruton and Berg- 
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man (11) chymotrypsin acts as an aminopeptidase and as a carbonylprotemase. 
Since it has been found that aminopeptidases have no inactivating effect on 
insulin (3, 4), it would appear that the carbonylprotemase action of chymotrypsin 

is responsible for the inactivation of insulin. 

The action of chymotrypsin on insulin in vitro suggested the possibility that 
chymotrypsin could have a hyperglycemic effect when injected intravenously. 
However, no significant or constant effect on the blood sugar level was obseiwed 
after intravenous injections of from 20 to 28 mgm. per kpn. of chymotrypsin into 
dogs or from 25 to 27 mgm. per kgm. into rabbits. Similarly, such injections did 
not abolish the hypoglycemic effect of 10 units of insulin administered to rabbits 
at the same time. Larger doses of chymotrypsin were not used because they 
often are lethal. The absence of significant effect of chymotrypsin m wo on the 
blood glucose level cannot be explained by an absence of proteolytic activity of 
chymotiypsin in vivo, since it has been demonstrated that proteolytic activity is 
present in the circulating blood for as long as 40 minutes after intravenous mjec- 
tion of quantities of chymotrypsin similar to those used in this work (8). 

The experimental evidence presented here does not rule out the possibility 
that, by other methods of administration, one could demonstrate a proteolytic ac- 
tion of chymotrypsin on insulin in vivo. Too little is known about the secretion 
and fate of insulin in the blood to permit a more positive conclusion. However, 
the data indicate that a single injection of a maximal dose of a proteolytic enzyme 
that is able to digest insulin in vitro and that persists in the circulating bloo or 
at least 40 minutes has no effect on the blood sugar level and does not protect 
against the hypoglycemic action of 10 units of insulin given at the same time. 

Pathologic examinations of the tissues of the dogs that received intravenous 
injections of chymotiypsin showed central necrosis of the liver and focal necrosis 
in the adrenal cortex in some of the animals (8). These findings might tove 
significance in relation to the slight elevation of the blood sugar level sometimes 
observed after injection of ch 3 rmotrypsin. 

SUMMARY 

1. Chymotrypsin inactivates insulin m aiYro. 

2. Chymotrypsin given intravenously in doses of from 20 to 37 mgm. per kgm. 
had no significant effect on the blood glucose level of rabbits and dogs. 

3 Simultaneous injections of 25 mgm. per kgm. of chymotrypsin and 10 units 
of regular insulin into rabbits were followed by the usual hypoglycemic action oi 
insulin alone. 

The technical assistance of Henry Krakauer is gratefully acknowledged. 
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In a preceding paper Ury and Gellhom (1939) show^ that the pupillary 
dilatation in the cat following painful stimuU is due to a dimmution of the t^e 
of the third nerve center. This was proven by the fact that when the third ner 
was cut intracraniaUy, and the pupil was constricted by physosti^me, oj a- 
tation was observed on this eye after appUcation of painful stimuli although the 
pupil reacted to minimal stimulation of the cervical sympathetic. Th^e results 
were confirmed by Seybold and Moore (1940) as well as Hodes (1940). The 
latter author performed, in addition, some expenments on the effects of ^o^ 
on the pupil which led him to conclude that pupillary changes were obseiw^ 
only when the animals were moribund. Moreover, these changes were said to 
be caused by direct effects of anoxia on the ins and not by neural factors. In 
view of the fact that Ury and Gellhom (1939) had seen clear evidence of pupil- 
lary dUatation in moderate degrees of anoxia m the rabbit and that sunilar 
chiges had been observed in the cat by the senior author a remvestigation of 

this problem was deemed of interest. ..i „ ^ioi 

The experiments were performed on cats anesthetized with 0.46 cc. dial- 
urethane* per kgm. intraperitoneally. The pupillary changes occurrmg m a low 
pressure chamber (anoxia) as well as after clamping of the trachea (asphj^ia),* 
were studied on normal pupils, after sectioning of the 

one side, after intracranial sectioning of the third nerve and additional cervical 
sympathectomy on the ^e side, and after adrenalectomy Some animals were 
observed 4 to 6 weeks, after intracranial section of the third neiwe, whereas m 
other animals the effect of anoxia was studied on the acutely denervated ms 
about one hour after sectioning of the third nerve and unilateral cervical sympa- 

*^Res^ts. At the outset it may be stated that anoxia and asphyxia induce 
pupillary dilatation of varying degrees including maximal dilatation. It is a 
reversible phenomenon in the cat and may be studied many times m the same 
animal. It is certainly not a “terminal” phenomenon. However, m order to 
perform experiments of this kind artificial respiration must be mstituted. In 
general, it was found that a distinct pupillary dilatation was observed at a simu- 
Med altitude practically identical with that at which respiratory failure w- 
curred In some experiments in which no artificial respiration was admmister^, 
and in which the pupils dilated maximally, or nearly maximaUy, it was possible 

> Aided by a grant from the JoaiabMacy Jr. Foundation.^ 

» Kindly supplied by Ciba Pharmaceutical Products, Inc 

» As to the distinction between anoxia and asphyxia cf. Gellhom and Lambert, 1939. 
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to restore spontaneous respiration by rapid decompression; in other instances 
artificial respiration had to be applied. In either group the pupillary dilatation 
was found to be reversible provided that respiratory failure was prevented. On 
the basis of these observations our subsequent experiments were performed under 
conditions of artificial respiration. 

I. The rdle of the sympathetic in the dilatation of the pupil in anoxia. Syste- 
matic observations on the effect of low barometric pressure on the normal and 
sympathectomized pupil do not give any evidence of sympathetic excitation of 
the dilator pupillae under these conditions. This statement is founded on the 
fact that the ^^threshold pressure’’^ is practically identical for the normal and 
sympathectomized pupil. Thus it was found that at a rapid rate of ascent to 
15,000 and 20,000 feet, which level was reached in 100 and 140 seconds respec- 
tively, the normal as well as the sympathectomized pupil remained unchanged. 
If the barometric pressure was lowered to 25,000 feet both pupils dilated sliglitly 
in most instances, and ordinarily the normal more than the sympathectomized 
pupil (table la). There is a high degree of parallelism between the curves repre- 
senting the dilatation of the normal and sympathectomized pupil. This is 
illustrated likewise in table lb, in which the cat was exposed to a barometric 
pressure of 27,000 feet for six minutes. Within the first minute at this altitude 
both pupils dilated. Thereafter the pupillary dilatation decreased until, toward 
the end of the period of reduced pressure, a second wave of dilatation occurred. 
This parallel behavior of both eyes was seen in all experiments although the 
difference in the degree of pupillary dilatation between the normal and the 
S3mpathectomized eyes varied considerably. In one experiment the normal 
and sympathectomized pupil dilated to exactly the same degree, and at the same 
rate, from 2 to 12 mm. while exposed to a lowered barometric pressure and this 
dilatation was completely reversible. In the majority of experiments, however, 
the normal pupil dilated to a greater extent than the sympathectomized. Table 
2a shows almost no difference in rate and degree of dilatation between the normal 
and sympathectomized pupil during the ascent to 29,000 feet, but during descent 
the normal pupil remains slightly more dilated than the sympathectomized. 
Table 2b show s a distinct difference in the degree of dilatation between the two 
pupils, but in spite of it there is a high degree of parallelism between the curves 
with respect to the onset of the dilatation during the ascent, the time of reversal 
and the gradual decrease in pupillary diameter. Moreover, it was found in many 
experiments that elimination of sympathetic innervation of the iris does not 
prevent the occurrence of maximal dilatation in anoxia, as table 2b illustrates. 
These phenomena suggest that the cervical sympathetic influences the pupil 
only on account of its tone. If the latter is nil the rate and degree of pupillary 
dilatation is the same in the normal and sympathectomized pupils; otherwise 
considerable differences between the two pupils may exist. It is worthy of note 
that pupillary difference based on the absence of sympathetic inneiwation of 

* Threshold pressure « highest barometric pressure which at a given rate of ascent causes 
a perceptible degree of pupillary dilatation. 
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one pupil may appear during the ascent in the low pressure chamber although 
both pupils are maximally constricted at normal barometric pressure. Appar- 
ently, the sympathetic tone which may be unable to oppose the maximal con- 
strictor tone of the third nerve center at sea level when the parasjmpathetic tone 
is greatest, shows its effect on the pupil with increasing degree as the third nerve 
tone is diminished with decreasing barometric pressure. 


TABLE 1 


Influence of lowered barometric pressure 
on the diameter of the pupil 


rmx m 

ALTITUDE IN 

NOEMAL 

8YMPATHEC- 

TOMIZED 

MIN. 

FEET X 10» 

PUPIL 

PUPIL 


A 




mm. diameter 

0 

0 

0.6 

0 

1.5 

16 

0.5 

0 

2.0 

20 

0.5 

0 

3.0 

26 

3.0 

1.5 

3.6 

30 

10.0 

7.0 

4.0 

26 

6.0 

4.0 

6.0 

20 

4.0 

2.0 

6.6 

16 

2.0 

0 

8.6 

0 

1 

0 i 

0 


B 


0 

0 

0.6 

0 

2.5 

20 

1.0 

0 

3.2 

26 

2.0 

0.6 

4.0 

27 

6.6 

3.0 

5.0 

27 

4.0 

2.0 

6.0 

27 

4.0 

2.0 

7.0 

27 

4.5 

3.0 

8.0 

27 

4.5 

3.0 

9.0 

27 

6.0 

4.0 

9.6 

27 

11.0 

9.0 

10.0 

20. 

12.0 

11.0 

12,0 

10 

7.0 

4.0 

13.3 

0 

3.0 

1.0 

16.0 

0 

1.0 

0 


TABLE 2 


Influence of lowered barometric pressure 
on the diameter of the pupil 





BYMPATHSC- 

TIME IN. 

ALTITUDE IN 

NOEMAL 

TOMIZED 

MIN. < 

FEET X 10* 

PUPIL 

PUPIL 


A 




mm. diameter 

0 

Sea level 

0 

0 

2.3 

20 

0 

0 

4 

26 

1.5 

1.6 

7 

29 

3.0 

3.0 

7.5 

29 

7.0 

7.0 

8 

29 

11.0 

11.0 

8.6 

15 

12.0 

12,0 

9 

8 

8.0 

5.0 

10 

Sea level 

4.5 

3.0 

11 

Sea level 

4.0 

2.0 

13.2 

Sea level 

1.5 

1.0 


B 


0 

Sea level 

0 

0 

3 

25 

0 

0 

6 

27 

2.0 

0.6 

7 

29 

2.0 

1.0 

9 

31 

2.5 

1.0 

10 

31 

4.6 

3.0 

12.5 

32 

6.0 

4.6 

13 

32 

8.0 

6.8 

13.5 

10 

12.0 

12.0 

13.8 

Sea level 

9.0 

8.0 

14 

Sea level 

6.0 

6.0 

14.8 

Sea level 

0.6 

0.6 


Another point already studied by Hodes may be briefly mentioned. There is 
no evidence that adrenalin secretion has a distinct effect on the pupillary dilata- 
tion observed in the low pressure chamber. Maximal reversible pupillary dilata- 
tion was observed in the normal and sympathectomized pupils at low barometnc 
pressures in normal as well as in acutely adrenaJectomized animals. By com- 
paring the effect of low barometric pressures on the pupil before and after ad- 
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renalectomy no greater variations were found than were seen in successive experi- 
ments performed on the same animal without any surgical interference. 

II. The pupillary dilatation in the complexly denervated eye. In four cats the 
third nerve was cut intracranially and the pupil constricted by local application 
of physostigmine (cf. Ury and Gellhom). Moreover, the cervical sympathetic 
was cut at the same side immediately prior to the experiment. Therefore, one 
pupil was completely denervated and its reaction was compared with the normal 
pupil of the other side during the lowering of barometric pressure. Figure 1 
illustrates a typical experiment in a cat in which the sectioning of the third nerve 
had been performed one month earlier. Two phenomena were quite obvious and 
occurred consistently in each of the experiments : first, the completely denervated 
pupil showed a slightly increasing dilatation which in rate and degree was quite 
different from that seen in the normal or sympathectomized eye; secondly, in no 



Fig. 1. Effect of lowered barometric pressure on the pupillary diameter of the 

cat. normal pupil; completely denervated pupil; altitude. 

Fig. 2. Effect of lowered barometric pressure on the pupillary diameter of the 

adrenalectomized cat. sympathectomized pupil; -completely denervated 

pupil; altitude. 

instance was a maximal reversible dilatation of the denervated eye obtained in 
anoxia. Figure 1 shows that a simulated altitude of 35,000 feet led to a pupillary 
dilatation of 11 mm. on the normal, but only of 5.5 mm. on the denervated pupil. 
In other experiments recorded in table 3 similar differences were observed. As 
this table shows, this result holds for normal as well as acutely adrenalectomized 
animals. 

In another cat in which the right pupil was completely denervated a series of 
experiments was performed in the low pressure chamber. In successive experi- 
ments of this series the effect of anoxia was studied on the left pupil : first, when 
it was normal, then after its sympathetic supply had been eliminated, and finally, 
after the adrenals had been removed. In agreement with earlier observations 
no effect of these procedures was seen on the reactivity of the parasympatheti- 
cally intact pupil. Figure 2 represents one experiment of this series, which is of 
particular interest since it gives evidence of the r61e of the third nerve in pupillary 
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dilatation during anoxia. In the experiment represented in this figure both eyes 
were sympathectomized, and the hormonal compound of possible physiological 
significance (adrenalin) was eliminated by adrenalectomy. Since the third 
nerve is intact in the left eye whereas it has been sectioned previously in the right, 
the difference in the pupillary diameter between the two eyes is a quantitative 
measure of the contribution of the third nerve to the anoxic dilatation of the 
pupil. The record shows clearly that the major factor in anoxic pupillary 
dilatation is a diminution of the parasympathetic tone. 

These experiments were confirmed by studies on the effect of asphyxia induced 
by clamping of the trachea (fig. 3). The results on four cats with either chroni- 
cally or acutely sectioned third nerves on one side showed again that the com- 
pletely denervated pupil reacted to asphyxia with a relatively slow dilatation of 
moderate degree, whereas the normal or sympathectomized pupil dilated maxi- 


TABLE 3 


CAT NO. 

altitude in 

FEET X 

NORMAL PUPIL 

DENERVATED PUPIL 



mm. diameter 

I 

29 

10 

4 


32 

10 

5 


35 

12 

6 


35 

11 

5.5 After adrenalectomy 


36 

11 

6 After adrenalectomy 


36 

12 

5.5 After adrenalectomy 

II 

34 

11 

3.5 


35 

11 

5 


35.5 

11 

5 After adrenalectomy 


34.5 

11 

5 After adrenalectomy 

III 

31 

12 

5 


33 

10 

3 


mally and at a faster rate. There was, however, an interesting difference in the 
degree of dilatation of the denervated eye of various cats which seemed to depend 
(m the time elapsed since the tiiird nerve had been cut. In the acutely dener- 
vated eye the pupil attained a diameter of 2.6 to 4 mm. while the normal or 
sympathectomized pupil dilated maximally to 11 to 13 mm. Under the same 
conditions the chronically denervated pupil dilated to 4.6 to 6.6 mm. 

These differences persisted when asphyxia continued until death occurred. 
Figure 4 shows the course of pupillary dilatation during fatal asphyxia for three 
animals. The curves obtained for the eyes whose parasympathetic innervation 
was intact showed the well known rapid dilatation of the pupil occurring in 
asphyxia (left pupil) . The rate and degree of dilatation seen in the left pupils is 
apparently independent of the sympathetic mnervation of the eye. It likewise 
indicates that the secretion of adrenalin plays no measurable r61e. The right 
^>ara8ympatheotomized) pupil behaved quite differently. In only one out of 
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four cases did the pupil become maximal in fatal asphyxia. In the other cases 
the final pupillary dilatation was 8.5, 6® and 3.5 mm. It is interesting to note 
there is a definite relation between the maximal pupillary size observed at death 
in parasympathectomized pupils and the time which had elapsed since the third 
nerve had been cut. The parasympathectomized pupils which dilated to 12 
and 8.5 mm. had been denervated 68 and 40 days respectively prior to the ex- 
periment, whereas the lesser degrees of dilatation at death (3.5 and 6 mm.) were 
observed on cats in which the third nerve had been cut only a few hours before 
the experiment was performed. The graphs indicating the pupillary dilatation 
of the parasympathetically innervated eye showed a rapid and uniform coui-se 
which leads in a few minutes to a maximal and irreversible dilatation. On the 



Fig. 3 ^’•8- 4 

Fig. 3. Effect of asphyxia on the normal and the completely denervated 

pupil . The 3rd nerve had been sectioned just prior to the experiment. 

Fig. 4. The effect of irreversible asphyxia on the pupil. 

Left pupil normal ; right pupil — completely denervated. 

Section of 3rd nerve 40 days prior to the experiment ; adrenalectomized cat. 

Left pupil sympathectomized; right pupil completely denervated. 

Section of the 3rd nerve 68 days prior to experiment; adrenalectomized cat. 

Left pupil normal; right pupil completely denervated a few hours before 

experiment; normal cat. 

other hand, the changes recorded on the denervated pupils showed three defi- 
nitely separate phases. The first leading in 3 or 4 minutes to a dilatation of 3 
to 6 mm. corresponds to the reversible dilatation seen in asphyxia and anoxia 
in the denervated eye. The second phase consisted of a plateau in which this 
degree of dilatation was maintained for several minutes whereas the third 
phase caused a gradual increase to the final degree, the magnitude of which 
seemed to depend on the time which had elapsed since the sectioning of the third 
nerve had been performed. 

Discussion. The experiments reported in this paper show that the pupillary 

® The record of this experiment is omitted from figure 4. 
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dila;tation observed in anoxia and asph3^ia is largely due to a diminution of the 
tone of the third nerve. It was also shown that even the irreversible dilatation 
of the pupil occurring in fatal asphyxia is based to a large extent on the same 
neural mechanism. In this respect our results are contrary to Hodes, whereas 
with regard to the r61e played by the sympathetic and the adrenal medulla we 
agree with this author. In the light of these experiments the statement seems 
to be justified that the neural mechanism of pupillary dilatation after administra- 
tion of painful stimuli is similar to that seen in anoxia. In both instances neither 
the sympathetic innervation nor the secretion of adrenalin plays a r61e. How- 
ev^, there are two important differences; first, in the pain experiments described 
earlier by Ury and Gellhom the ‘‘denervated^’ pupil remains unchanged whereas 
moderate degrees of dilatation are attained in anoxia and asphyxia. Secondly, 
pain results in a temporary inhibition of the tone of the third nerve through 
roflex inhibition whereas anoxia and asphyxia weaken the tone of the third nerve 
center directly so that a given degree of illumination no longer produces anv 
constriction bf the pupil. 

The fact that the “denervated^’ pupil dilates in anoxia induced Hodes to con- 
clude that the pupillary dilatation in anoxia is ‘^not of neural origin. The 
present experiments indicate that this is only partially true. At least one half 
of the dilatation seen in anoxia on the denervated side is due to a reversible loss 
of tone of the third nerve. However, in addition, a non-neural component is 
active on the denervated side which causes a slow, moderate dilatation to occur 
in anoxia. Since this phenomenon is retained even after adrenalectomy, neither 
a neuronal nor a known hormonal factor seems to be involved. This suggests 
that local effects on the iris are the cause of the dilatation seen in the denervated 
anoxic pupil. Since it is well known that in anoxia and asphyxia acid metabo- 
lites are formed at a greatly increased rate, and since such metabolites may cause 
reversible as well as irreversible contractures in striated and smooth muscles, 
they may well be responsible for the non-neural part of dilatation seen in anoxia. 
However, this interpretation does not account for the as yet unexplained differ- 
ences in pupillary dilatation which appear to be related to the period of denerva- 
tion of the third nerve. 

The experiments described in this paper have without doubt established the 
fact that parasympathetic inhibition is an essential part of the pupillary dilata- 
tion seen in anoxia and asphyxia, but the writers feel some doubt as to the physio- 
logical validity of the pupillary dilatation based on non-neural factors. A close 
study of our records shows that in the chronic preparation the parasympatheti- 
cally denervated pupil shows an earlier onset of the dilatation on the denervated 
as compared to the normal side, whereas in the acutely denervated pupil the 
non-neural dilatation seen in anoxia and asphyxia is not only quantitatively 
smaller but its onset is actually delayed when compared with the curve of pupil- 
lary dilatation seen in the normal eye. These observations suggest that the iris 
undergoes some fundamental changes as a result of the parasympathetic denerva- 
tion. Consequently, the iris becomes responsive to non-neural factors (meta- 
bolites?) produced in anoxia although these same factors have either no or only 
insignificant effects on the normal pupil. 
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It was mentioned earlier that the proof for the occurrence of a maximal dilata- 
tion of the pupil in anoxia and asphyxia depended on the maintenance of arti- 
ficial respiration. It seemed that the dilatation of the pupil which, as our 
analysis showed, was due to an inhibition of the tone of the third nerve nucleus, 
occurred about at the time when the respiration failed. It is assumed by most 
authors that cortex and midbrain are more sensitive to anoxia than are the 
medullary centers. However, the fact that the experiments described in this 
paper were performed under barbiturate anesthesia may well explain this 
difference. 

Our experiments show' clearly that the neural component of the dilatation 
occurring in anoxia and asphyxia consists in a diminution of the central tone of 
the third nucleus without any alteration in the S3anpathetic innervation of the 
pupil. Apparently the principle of reciprocal innervation® is not applicable to 
the pupillary changes which appear under conditions of anoxia or asphyxia, and 
as a result of pain. It remains to be seen whether the pupillary dilatation in 
deep narcosis is likewise solely the result of a diminished central tone, or if under 
these conditions sympathetic excitation of the dilator mechanism is involved at 
the same time. 


SUMMARY 

Experiments were performed in normal and adrenalectomized cats on the size 
of the pupil under the influence of anoxia produced by lowering of the barometric 
pressure, and as the result of asphyxia induced by clamping of the trachea. The 
pupillary size was determined on normal, sympathectomized, and completely 
denervated pupils. No evidence was found that either adrenalin or sympathetic 
excitation plays a part in the dilatation of the pupil seen in anoxia and asphyxia. 
The pupillary dilatation under these conditions may be maximal and completely 
reversible provided that artificial respiration is maintained. The physiological 
analysis shows that the dilatation of the pupil consists in a neural and a non- 
neural component. The former is due to a diminution of the tone of the third 
nerve center; the latter is probably associated with the formation of acid 
metabolites. 
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During the course of studies of experimental hypertension in rats, marked 
variability of the systolic blood pressure was observed under otherwise similar 
conditions, when the measurements were made at different environmental 
temperatures and with and without barbiturate anesthesia. It became desirable 
therefore to Appraise the extent of the influence of certain types of anesthesia 
and of heating the animals in view of the widespread practice of anesthetizing or 
heating rats prior to recording blood pressure. 

Little attention has been paid to the fact that many of the reported records 
were secured under abnormal environmental conditions. Yet, it is generally 
accepted that the application of external heat alters the cardiac and respiratory 
rates, the basal metabolic rate, and the body temperature in laboratory animals 
(1-4). Doubt concerning the validity of blood pressure measurements in rats 
was expressed by Schroeder (5). The divergent and inconsistent results ob- 
tained by both ^rect and indirect methods of measurement led Schroeder to 
believe that ‘‘the weight of the heart is probably a more reliable index of the 
presence of hypertensive state than is one measurement, or two, of blood pressure 
under anesthesia.’^ Having observed a pressor effect following the application of 
heat, we have made a study of the influence of changes in body temperature upon 
the blood pressure. Observations of the r61e of barbiturate anesthesia have also 
been made because of the depressing effect of anesthesia on body temperature. 

Methods. All experiments were done between November and June. The 
rats were of a Wistar strain. They weighed 125 to 320 grams and were 2J to 10 
months old. Approximately half of the rats were males. The diet was Purina 
Checkers, To make some of the animals hypertensive, capsules of cellophane 
were placed abound one or both kidneys (6). 

Two methods were used for the measurement of blood pressure. One is the 
indirect method of Byrom and Wilson (7) which measures the pressure in an 
inflatable cuff applied to the base of the tail which just permits blood to flow into 
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that part. The length of the cuff used in our experiments was 4 cm. The 
entrance of blood is detected by noticing an increase of the volume of the tail 
with a plethysmograph connected with an oncometer tube 1 mm. in diameter. 
After the tail is sealed into a rigid chamber, the plethysmograph is filled with 
water of the desired temperature. The animal is held in a container of body 
size, with walls of sheet metal or wire mesh. Since anesthesia is usually not 
employed in the use of this method, the animals are trained daily for at least a 
week before the measurements of blood pressure are considered accurate. 

The other method involves the use of the optical manometer of Hamilton, 
Brewer and Brotman (8) and the insertion of a hollow needle into a femoral 
artery. It was necessary to induce and maintain general anesthesia whenever 
this method was used. For this purpose, 5 mgm. of sodium pentobarbital 
(nembutal) per 100 grams of body weight were injected intraperitoneally. 

Thermocouples placed in the rectum and on the shaved skin of the abdomen 
were connected with a recording galvanometer for the measurement of internal 
and cutaneous temperatures. Heating the animals preparatory to or during the 
measurement of blood pressure was accomplished by exposing them to two 150 
watt electric bulbs or coils of nichrome wire. To decrease the amount of radiant 
energy in some instances, a cloth covered tent six inches high with vents at each 
end to permit access of fresh air was placed over the animals. When it was 
desired to maintain rather than elevate body temperature, the animals were 
placed on an electric pad. Cooling was accomplished either by discontinuing 
application of external heat or by exposure to a stream of cool air from an 
electric fan. 

Observations. The range of systolic pressure in 24 animals measured at 
room temperature (24-28°C.) by the plethysmographic method was from 60 to 
95 mm. Hg; in three-fourths the range was 65 to 90 mm., and in a few instances 
no readings could be obtained. In these experiments the temperature of the 
water in the plethysmographic chamber surrounding the tail was 32.5° to 34°C. 
To study the effect of the temperature of this water upon the blood pressure, 
three series of 50 readings were made on each of 7 rats over a period of a week. 
In the first series, the water was maintained at 32.5° to 34°C.; the range of the 
systolic blood pressure in 33 readings was from 60 to 90 mm.Hg, in 8 trials the 
readings were equivocal and in 9 no readings could be obtained. In the second 
series, the water was maintained at 36.4° to 38.6°C.; the range of blood pressure 
in 46 readings was from 65 to 95 mm.Hg, the mode 70 to 85; in 4 trials the 
readings were equivocal. In the third series the water was maintained at 32.5° to 
34°C. and the animals were exposed to an environment of 40°C. for three minutes 
before the readings were made. A rise in body temperature of 0.2° to 0.5°C. 
occurred; the range in blood pressure was from 75 to 95 mm.Hg in 47 readings; 
in 3 trials the readings were equivocal. 

The effect of elevation of body temperature on the level of blood pressure was 
studied in twelve unanesthetized and 4 anesthetized normal rats by use of the 
plethysmographic method. Exposure to enough radiant energy to cause a 
rapid rise in both cutaneous and rectal temperatures was associated with a 



292 


GEORGE G. PROSKAUER, C. NEUMANN AND I. GRAEP 


progressive elevation of blood pressure of 10 to 80 mm.Hg within a mode of 6 to 
10 minutes (fig. 1). The increase of rectal temperature in the xmanesthetized 
rats was 0.4® to 2.0®C., for the anesthetized animals 3.0® to 4.8®C. In another 
group of experiments with 10 unanesthetized and 6 anesthetized rats the ex- 
posure to radiant energy was such as to require a mode of 16 to 42 minutes for 
comparable rises in rectal temperature. This slower elevation of body tempera- 
ture was nevertheless associated with a progressive elevation of blood pressure 
of 23 to 106 mm.Hg, essentially the same increase as occurred with the more 
rapid rise in temperature. No matter how slowly the elevation in body tempera- 


mfnHg. 



Fig. 1 Fig. 2 

Fig. 1. Increase of rectal temperature, cutaneous temperature, and blood pressure 
during heating, followed by decline upon rapid cooling. The rise of blood pressure and 
cutaneous temperature before the application of heat is attributable to the insulating effect 
of the holder with solid walls. (Normal rat, unanesthetized, indirect method.) 

Fig. 2. Simultaneous records of the blood pressure obtained by direct and indirect 
methods; blood pressure altered by heating and cooling a normal anesthetized rat. The 
changes obtained by both methods parallel each other. 

ture was achieved, the greater part of the accompanying rise in blood pressure 
occurred during the first ten minutes after the application of heat. Results sim- 
ilar to those described for normal animals were obtained when hypertensive ani- 
mals were studied or when the intra-arterial method for recording blood pressure 
was used. This was done in 9 experiments. The tracings reveal that increase 
of blood pressure was accompanied by a concomitant increase of cardiac rate. 

A rise in body temperature sufficient to be associated with a rise in blood 
pressure occurred whenever an animal was held in an unheated container with 
walls of sheet metal prior to or during the recording of blood pressure (fig. 1). 
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No such rise in body temperature occurred when a container with walls of wire 
mesh was used. 

Continuous prolonged heating of 3 rats resulted in marked elevation of rectal 
and cutaneous temperatures. This was accompanied by elevation of blood 
pressure from 175 to 226 mm.Hg and marked increase 'of cardiac rate, followed 
by sudden fall of blood pressure to levels too low to measure accurately and 
death of the animals within 40 to 160 minutes of continuous heating. 

The effect of lowering the body temperature was observed under a variety of 
conditions. When the temperature of animals that had been heated was allowed 
to return to normal, the blood pressure concurrently returned to normal. The 
effect of depressing cutaneous and rectal temperatures to below normal was 
studied by exposing the animals to a draft of cool air. This manoeuvre was 
insufficient to produce the desired effect in unanesthetized animals and in them 
no additional fall in blood pressure occurred. In anesthetized animals, however, 
a fall in cutaneous and rectal temperatures to below normal occurred, accom- 
panied by a progressive fall in blood pressure to below normal and then by a 
secondary rise in spite of continued depression of temperature. In one instance, 
the systolic pressure fell from 175 mm.Hg (induced by heat) to 104 mm.Hg in 
26 minutes of cooling, followed by a rise to 160 mm.Hg during the next 16 
minutes of cooling. Exposure to environmental temperature (24-28°C.) in the 
absence of the additional cooling effect of a stream of air from a fan depressed 
the temperature of 13 anesthetized normal rats and 20 anesthetized rats with 
perinephritis from 0.4° to 1.9°C. within 27 minutes. As measured by both the 
indirect and direct methods, this was accompanied by a fall in blood pressure 
of 10 to 25 mm.Hg. In 6 animals, followed for 2 hours, the fall in blood pres- 
sure was succeeded by a secondary rise which, except in one instance, exceeded 
the preanesthetic level. In the tracings made with the direct method the heart 
rate decreased and increased synchronously with the fall and subsequent rise of 
blood pressure. 

Simultaneous recording of blood pressure by the indirect and direct methods 
was undertaken in four experiments (fig. 2). Because the intra-arterial methods 
require the use of anesthesia, no simultaneous records could be obtained in 
unanesthetized animals. The systolic readings obtained by both methods agreed 
mthin 15 mm.Hg in the normal range as w^ell as when the blood pressure was 
deliberately altered by heating or cooling the animals. Detecting changes in 
blood pressure was more prompt with the direct method. Shuler, Kupperman 
and Hamilton (9) have recently reported on the comparison of the indirect and 
direct methods in a series of normal rats. The values obtained by the indirect 
method were shown to depend in great part upon the length of the constricting 
cuff applied to the tail. 

Comment. These experiments demonstrate that elevation of the body tempera- 
ture of normal or hypertensive rats is accompanied by an elevation of systolic 
and diastolic blood pressure and cardiac rate. When moderate elevation of 
temperature was maintained for prolonged period (2 hrs.), the blood pressure 
remained elevated. The more rapidly the body temperature was raised, the 



294 GBOBGB G. PBOSKAUB®, C. NBXJMANN AND I. GRAEF 

more rapidly did the blood pressure rise. The amount of increase of blood 
pressure was roughly proportional to the elevation of temperature; gradual 
elevation of the temperature was accompanied by as great an increase of blood 
pressure as more rapid elevation. 

Decrease of body temperatures as a result of cooling by an electric fan or 
induction of anesthesia was accompanied by a fall in blood pressure, that was 
succeeded by a secondary rise to a normal or hypertensive level. 

Elevation of the body temperature made it possible to secure a higher per- 
centage of unequivocal readings of blood pressure by the indirect method, but 
unfortunately also increased the blood pressure, thus making such readings diffi- 
cult to evaluate. A rise in temperature occurred not only after exposure to 
external heat, but also following enclosing the rats in holders of sheet metal, 
presumably owing to the insulating effect of the solid walls. In holders made 
of wire mesh, only mmimal elevation of temperature occurred. 

When precautions were taken to avoid either increase or decrease of body 
temperature just preceding or during recording of blood pressure by the indirect 
method, the systolic pressures were in the range of 65 to 95 mm.Hg. It was 
necessary to maintain the temperature of the water in the plethysmographic 
chamber at 36.5° to 39°C. in order to overcome reflex vaspconstriction of the 
arteries of the tail. In our experience, levels of 130 mm.Hg or higher may be 
regarded as hypertensive for the rat when obtained under these conditions. 

In the evaluation of procedures designed to change blood pressure, as from 
hypertensive to normal levels, it is suggested that utmost care be taken in the 
measurement of blood pressure lest extraneous factors such as changes in body 
temperature be permitted to exert their influence. This suggestion is made in 
view of the widespread practice of heating rats before measurement of blood 
pressure by the indirect method and of using anesthesia with its concomitant 
fall in body temperature before measurement of the intra-arterial method. The 
considerable variation in the range of normal blood pressures of rats and the 
inconsistent values obtained by both direct and indirect methods may be ae- 
cormted for by failure to maintain body temperature at the normal level during 
the measurements. 

From the data available it is impossible to obtain a full understanding of the 
mechanism underlying the changes in blood pressure. It has been recognized 
that elevation of the temperature of the body is associated with an increase of 
cardiac and basal metabolic rates as well as of the blood pressure of rabbits (2, 3) 
or human beings (2, 10). The increase of cardiac rate suggested an increase of 
cardiac output. An increase of basal metabolism may follow even brief ex- 
posures to external heat and contribute to increases of cardiac rate, blood pres- 
sure, and rectal temperature. 

The changes in blood pressure were best correlated with changes in the cu- 
taneous temperature; the rectal temperature followed more slowly. This 
parflll elism suggests a cutaneous-vasomotor reaction in the initiation of the 
pressor and depressor effects. The secondary rise of the pressure after pro- 
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longed cooling in the presence of a declining rectal temperature may be attributed 
to peripheral vasoconstriction with increase of peripheral resistance. 

A more simple explanation of the pressor effect may be the direct action of 
warmed blood upon the medullary vasomotor centers. It has been shown that 
heating the blood increases the heart rate (11) and elevation of the temperature 
of the blood above a critical level is a physiological stimulus for sweating (12). 
The initial marked rise in blood pressure, associated with even gradual elevation 
of rectal temperature may mean that when a critical level of cerebral temperature 
is exceeded circulatory adjustments, including a change in blood pressure, may 
follow. It Is the early abrupt rise even with minimal heating, that constitutes 
the greater part of the pressor response. 

The immediate depressing effect of general anesthesia (barbiturates) upon 
blood pressure of rats may be brought about by paresis of the temperature 
regulating center and depression of the metabolic rate leading to decreases of 
body temperature and cardiac output. Corcoran and Page (13) reported 
recently an increase of the blood pressure in dogs after barbiturate anesthesia. 
Their observations began 45 minutes after injection of the anesthetic and con- 
tinued from 30 to 50 minutes. If our results in rats can be made applicable to 
dogs it is possible that an early depressing effect of the anesthesia preceded 
the reported rise. 

The cooling effects in unanesthetized animals resemble those observed in 
anesthetized rats but the mechanism may be different. In the latter vasomotor 
control is more or less abolished. In the former, preliminary heating is required 
to demonstrate the effect of cooling and the declines are always from hypertensive 
levels. Not enough experiments have been done to say whether the secondary 
rise regularly reaches hypertensive levels in either type. The cause for the 
subsequent rise in blood pressure may be intense peripheral vasoconstriction or 
increased metabolic rate mth its consequent increased cardiac output in response 
to, the progressive loss of bbdy heat. 

SUMMARY 

The relation between blood pressure, cardiac rate, and the temperature of 
the rat has been investigated . Indirect (plethysmographic) and direct (Hamilton *s 
optical manometer) methods for measuring the blood pressure were used. 

The systolic pressure of trained, normal unanesthetized rats, as measured by a 
modification of the indirect method in which there is no change in the rectal or 
^cutaneous temperature, was 65 to 95mm.Hg at room temperature (24° to 28°C.). 
To avoid the elevation of body temperature that occurs when animals are held 
in containers with solid walls, an animal holder with walls of wire mesh was 
found useful. 

Elevating the cutaneous and rectal temperatures of normal anesthetized or 
unanesthetized rats was regularly followed by a progressive rise in blood pressure. 
The more rapidly the cutaneous temperature was increased, the more rapid was 
the blood pressure response. Fluctuations in cutaneous temperature corre- 
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sponded more closely in time and extent with the changes in blood pressure, than 

did the changes in rectal temperature. .. . ■ j ♦ 

Depressing the temperature of normal unanesthetized or anesthetized rats 
was followed by a fall of blood pressure; after 30 minutes or more the blood 
pressure rose again, occasionally to hypertensive levels. 

Cardiac rate rose and fell with the blood pressure except in heat stroke when it 
remained accelerated after the pressor effect had disappeared. 
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The authors studied correlations between age, sex, species and the arterial 
blood pressure in Wistar Albino and Gray Norway rats. The rat colony of the 
Wistar Institute was used, which contained a large series of rats covering the three 
year span of the rat’s life. We have found no similar measurements in the 
literature. 

Method. The method of Griffith (1) was used to measure blood pressure. 
The rat was maintained under a fixed and standard depth of ether anesthesia 
and arterioles in the skin of the hind foot observed for flow. A miniature blood 
pressure cuff (8-9 mm. in width and 2 cm. long) applied to the hind limb was 
inflated, and the pressure at which flow stopped w^as recorded as the systolic 
pressure. The final recorded blood pressure for a given rat was the average of 
four to seven successive readings by two observers taken from different vessels 
within a ten minute limit of anesthesia. Whenever such readings showed 
relatively poor agreement (4 out of 7 were required to fall within one blood pres- 
sure group), the rats were either retested at a later date or the reading entirely 
excluded. The mortality of the method was zero for young rats and about 
2 per cent for very old ones. 

Results. A scatter diagram, with age as abscissa and blood pressure as 
ordinate, showed a positive linear relationship between the two variables until 
the upper age limits when the slope increased slightly and the curve was skewed 
upward. On the basis of a linear relationship the calculated line of regression 
was Y = 1 15.4 + 0.06X. Standard error of estimate (Sy) w^as 36.6. The expected 
blood pressure in millimeters of any albino rat of a given age in days, therefore, 
equals 115.4 + (0.06 times the number of days of age) dt 36.6. The coefficient 
of correlation (r) for this relationship was 0.425 and the partial correlation coef- 
ficient, holding factor of sex constant, was 0.410. This gave a significance to the 
correlation well beyond the 1 per cent level. 

In table 1 the number and per cent of albino rats falling within certain blood 
pressure ranges were compared in each of four age groups ranging from 110 to 
910 days old. These arbitrary blood pressure ranges were: 

I — ^pressures less than 140 mm. of mercury. 

II — ^pressures between 140-159 mm. of mercury. 

III — ^pressures between 160 — 179 mm. of mercury. 

IV — ^pressures 180 mm. of mercury and above. 

^ This work was aided in part by a grant from the Fels Fund. 

* The authors wish to thank Dr. E. Farris, Director of the Wistar Institute, Dr. E. 
Yaekel and Dr. J. Griffith for assistance during various phases of the study. 
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In the youngest age group (110-140 days old) thirty-three rats (80 per cent of 
tWs age group), fell into blood pressure range I, This percentage of group I fel 
to 68 per cent (i.e., 37 rats) in the 450 to 500 day age group, to 41 per cent (i e 
7 rats) in the 640 to 770 day age group, and to only 11 per cent (i.e., 2 rats) in the 
825 to 910 day age group. The other ranps, 11, III, IV, show a uniform increase 
in percentage of hypertensive rats with increasing age. a: • + f 

A correlation between sex and blood pressure was made. The c^fficient of 
partial correlation, holding age factor constant, was only 0.025, which has no 

TABLE 1 

Age correlation with blood pressure in albino rats 


BLOOD PMESSUBE GBOUP 


110-140 DAYS 


No. 


Eb 

I. Less than 139 
II. 140-169 

III. 160-179 

IV. Over 180 

Totals 


33 

3 
1 

4 


41 


% 


80.5 

7.3 

2.4 
9.8 


455-500 DAYS 


No. 


37 

4 

3 

10 


100.0 


54 


% 


68.5 
7.4 
5.6 

18.5 


100.0 


640-770 DAYS 


No. 


17 


% 


41.2 

29.4 
5.9 

23.5 


825-910 DAYS 


No. 


100.0 


18 


% 


11.1 

33.3 

16.7 

38.9 


100.0 


TABLE 2 

Species correlation with blood pressure in Albino and Pray Norway rats 


BLOOD PBE88UBE GROUP 

100-200 DAYS OLD 

350-900 DAYS OLD 

Albino 1 

Gray Norway 

Albino 

Gray Norway 

No. 

% 

No. 

% 

No. 

% 

No. 

% 

I 

II 

III 

IV 

33 

3 

1 

4 

80.5 

7.3 

2.4 
9.8 

8 

3 

0 

1 

66.6 

25.0 

0.0 

8.4 

46 

15 

7 

21 

61.6 

16.9 

7.9 

23.6 

14 

3 

2 

2 

66.6 

14.4 

9.5 

9.5 

Totals 

41 

100.0 

12 

100.0 

89 

100.0 

21 

100.0 


significance.' There was, moreover, no significant difference between the rs 
of age and the blood pressures in the male and female groups. ^..,00 

Table 2 shows the correlation between Gray Norway and Albino rate. Thes 
were divided into two similar age groups as indicated. ^ There was no difference 
in the group 100 to 200 days. In the group 400 to 900 days, however, there was 
a slight trend (12 per cent) toward more hypertension m the albino. It is im- 
portMit to note that a greater number of older albmos were available for the 
stady so that the grays in this comparison were somewhat younger. For this 
reason no significance should be attached to this correlation. _ 

Discussion. There are two sources of error m the method, namely , v^cular 
spasm and anesthesia. A series of discordant consecutive readings usually was 
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due to vascular spasm, which is sometimes recognized by the appearance of the 
vessels themselves. It is felt that the maintenance of a constant and satisfactory 
depth of anesthesia reduces this factor to a minimum as a source of error. 

The level of arterial tension in the rat is similar to that in man. Our results 
correspond to the general trend in man (2), namely, increasing incidence of hyper- 
tension with age. There is no record in the literature of blood pressure record- 
ings in older rats (i.e., over 200 days). Our findings in the 110 to 140 day age 
group correspond with values found by Griffith (1, 3) and by Schroeder (4) in 
normal albino rats — ^namely, blood pressure levels in the range of 110 to 120 mm. 
of mercury. 

No blood pressure differences between the two sexes were observed; nor was 
there a difference in the menopausal age group (450-600 days old) contrary to 
that which might have been anticipated from the findings in man (2). 

The temperaments of the two species of rats were noted to be different. The 
Gray Norways are much less tame, become emotionally upset more readily. 
They exhibit other physiologic differences — for example, they are more suscepti- 
ble to ether anesthesia — but there is no significant difference between the blood 
pressures of these two species. 


SUMMARY 

1 . Blood pressures in a series of 130 Wistar Albino rats and 33 Wistar Gray 
Norways were determined. 

2. The Wistar Albinos exhibit a definite tendency toward higher blood 
pressures with increasing age. 

3. No sex differences in blood pressure were noted in the Wistar Albino 
rats. 

4. There are no significant blood pressure differences between these two 
species. 
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With the recent emphasis on the humoral origin of hypertension, the neuro- 
genic aspect has been less emphasized. Weiss in a recent article (1) discussed 
the psychosomatic phase of this problem and pointed out that many of the 
symptoms referable to hypertension were really the manifestations of a psycho- 
neurotic conflict. In consequence, there is often no cause and effect relationship 
between the hypertension and the symptoms. According to Weiss, both the 
symptoms and the hypertension may be the results of the psychoneurosis. As 
an experiment^il approach to this problem, blood pressure measurements were 
made on rats subjected to audiogenic stimulation. 

Metthod. Control and experimental groups of two species of rate, viz., 
Wistar Albinos and Wistar Gray Norways, were studied. The experimental 
animals were those which Farris and Yaekel (2, 3, 4) had been subjecting to 
audiogenic stimulation since the time of weaning; i.e., twenty-one days of age. 
These <»niTngl« had been exposed to a constant air blast every week-day for from 
five to ten minutes per day up to the time our measurements were made. Con- 
trol animals were litter mates, raised and treated identically except for the 
stimulations and the consequent lesser frequency of daily handling. The con- 
trols were kept so that this second group did not hear the air blast. 

Rate subjected to this air-blast reacted in varying degrees. Almost all showed 
dilated pupils, increased frequency of urination and defecation. What was 
arbitrarily called a “reaction” consisted of a running attack in which the rat ran 
and leaped rapidly about the pen. Usually, but not always, this attack was 
terminated by a series of clonic convulsions and a final transient (3-5 min.) state 
of tonic rigidity often so marked that the extremities were able to be molded 
into bizarre positions. Rarely did a rat die following one of these attacks. 

Detailed record was kept of the daily response to stimulation of each experi- 
mental rat, and at any day, the reaction score of each could be calculated on a 
percentage basis of the number of “reactions” shown compared to the total 
number of times the rat had been stimulated. 

Blood pressure measurements were made on these animals by the method of 
Griffith (5). Practically all readings were taken between 7:00 p.m. and 11:00 
p.m. Experimental rats were alternated with litter mate controls m the same 
evening to minimize the effects that daily temperature and humidity changes 
might have on anesthesia and, consequently, on blood pressure.^ 

Resttlts. Blood pressure readings were recorded as falling into one of four 

groups: 

Group I — ^pressures less than 140 mm. of mercury 

800 
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Group II — ^pressures between 140-159 mm. of mercury 
Group III — pressures between 160-179 mm. of mercury 
Group IV — pressures above 180 mm. of mercury 
In order to facilitate rapidity in the procedure and shorten the duration of anes- 
thesia, no attempt was made to read the blood pressure any more accurately than 
to be positive that the reading fell definitely into (one group or the other. Any 
blood pressure 160 mm. or over (groups III and IV) was considered hypertensive. 

The Gray Norways were studied as two groups differing in age. The younger 
contained twenty-four rats of ages ranging from 130 to 205 days, the older, thirty- 
nine rats, from 340 to 890 days old. It can be seen from table 1 that there was no 
blood pressure difference between experimentals and controls in the younger 
group. The 8.4 per cent hypertension in the control group as compared with 
the absence of hypertension in the experimental group involves a difference of 
only one rat. 


TABLE 1 

Distribution of hypertension amoiig control and experimental Gray Norway rats 


BLOOD PKSS- 
SUBE GBOUP 

130-205 DAYS OLD 

340-890 DAYS OLD 

Control 1 

1 Experimental 

Control 

Experimental 


No. 

% 

No. 

% 

No. 

% 

No. 

% 

I 

8 

66.6 

12 

100.0 

14 

66.6 

6 

33.3 

II 

3 

25.0 

0 

0.0 

3 

14.4 

1 

5.6 

III 

0 

00.0 

0 

0.0 

2 

9.5 

1 

5.5 

IV 

1 

8.4 

0 

0.0 

2 

9.5 

10 

55.6 

Total 

12 

100.0 

12 

100.0 

21 

100.0 

18 

100.0 


In the older group, however, four out of twenty-one animals, or 19 per cent, 
of the control group were hypertensive, while eleven of nineteen, or 61 per cent, 
of the experimental animals were hypertensive. These figures, when sub- 
jected to chi square analysis, give a probability of less than 1 in 100 that this 
difference is due to chance. 

When the percent frequency of reaction to audiogenic stimulation is correlated 
with blood pressure in the experimental group, a remarkable correlation is found. 
A rat is considered a good ‘‘reactor^’ when it develops a full blown audiogenic 
seizure (i.e., running and convulsive attacks) seven out of ten times it is stimu- 
lated. This 70 per cent figure though arbitrary is really unimportant because in 
actual practice the reactors are usually well above this figure and the non- 
reactors well below it, as shown in table 2. Of the eleven hypertensive rats in the 
older experimental group, ninp were reactors. Of the other two hypertensives one 
had a reaction score of 57.2 per cent; the other, a group IV hypertensive, was 
Duly a 22.6 per cent reactor. Of the seven normotensives in this older experi- 
mental group, all were poor reactors. 

In the younger group of Grays there were no hypertensives, but there were 
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four excellent reactors and two with scores (60 and 48 per cent) which nu^t 
easily be improved in the ensuing two hundred days. Measurements on this 
younger group are to be repeated when it reaches approximately the four hundred 

day old range. , • j. i • * 

Little can be learned from the albinos because the series of expenmentals is too 

small and inadequately controlled. 


TABLE 2 

Experimental Gray Norways with reaction score and hlood pressure itemized 


DAYS OLD 

IDENTIFICATION 

NUICBES 

BLOOD FESSSUBS 
OEOUP 

SEX 

BEACnON 8COEX 





% 

367 

142 

I 

F 

62.1 

387 

134 

I 

F 

14.6 

387 

135 

I 

F 

17.3 

340 

143 

iiv 

M 

84.1 

340 

151 

Iiv 

F 

98.6 

340 

148 

IV 

F 

96.4 

340 

147 

IV 

M 

77.6 

340 

145 

IV 

M 

97.8 

340 

150 

IV 

F 

96.3 

828 

60 

IV 

M 

78.1 

603 

105 

IV 

M 

22.6 

762 

31 

IV 

F 

73.6 

686 

84 

1 

M 

72.3 

610 

97 1 

III 

M 

57.2 

393 

124 

II ' 

M 

37.1 

393 

127 

I 

F 

60.6 

381 

121 

I 

F 

29.5 

405 

136 

I 

F 

18.0 

139 

173 

I 

M 

85.2 

136 

164 

I 

M 

76.6 

134 

159 

I 

M 

35.8 

134 

158 

I 

M 

7.4 

136 

163 

I 

M 

27.2 

140 

156 

I 

M 

89.4 

169 

189 

I 

F 

2.9 

199 

175 

I 

F 

25.9 

169 

192 

I 

F 

34.8 

203 

157 

I 

F 

78.8 

205 

154 

I 

M 

60.0 

205 

169 

I 

M 

48.1 


Discussion. Systolic pressure only was measured in this study. It is ra- 
ized that diastolic readings also would have been of greater value as a criterion 
for hypertension. Moreover, blood preswire was used as the only criterion for 
hypertension. Schroeder (6) who, in a blood pressure study on rats, used a,lso 
cardiac size, classed those rats as hypertensive which have either hypertension 
and cardiac enlargement or cardiac enlargement alone. An animal with hyper- 
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tension and no cardiac enlargement was considered to have ‘‘anesthetic hyper- 
tension”. He used a certain dose of barbiturate per gram of body weight as 
anesthetic agent and had poor control of depth as attested by the 20 per cent 
mortality of his method. Moreover, the incidence of hypertension without car- 
diac hypertrophy — or “anesthetic hypertension” — is small, only 6 to 7 per cent. 
Because of adequate control of anesthetic level and close controls for the experi- 
mental group in the present study “anesthetic hypertension” has been disre- 
garded. 

Much has been written on audiogenic seizures in Wistar rats (2, 3, 4). The 
central nervous system pathways involved in this reaction have not been worked 
out as yet. Certainly the auditory nerve must be the first neuron in the chain. 
Whether the cerebral cortex is required to effect the reaction is not known. It 
is presumed that the mechanism occurs through the medium of the central 
nervous system and autonomic pathways, though this is by no means proven. 
One cannot say that this audiogenic stimulation has caused hypertension. It 
can be concluded from this result, however, that the rat who reacts most vigor- 

TABLE 3 


Distribution of hypertension among control and experimental Wistar Albino rats 


BLOOD PBESSUBE GROUP 

CONTROL 

EXPERIMENTAL 

No. 

% 

No. 

% 

I 

13 

54.2 

3 

23.0 

II 

5 

20.8 

2 

15.4 

III 

1 

4.2 

1 

7.7 

IV 

5 

20.8 

7 

54.0 

Total 

24 

100.0 

13 

100.0 


ously and consistently to audiogenic stimulation develops hypertension. Thus, 
audiogenic seizures may be simply a measure of that factor in the animal’s con- 
stitution (“nervous tone”) which causes the hypertension. Though this work 
by no means proves the neurogenic origin of hypertension, it is definite objective 
evidence that one type of experimental nervous stimulation, at least, is associated 
with increased tendency to hypertension in the rat. 

It is evident that one cannot gain any insight as to familial incidence of hyper- 
tension in these animals from our figures as presented. There was, however, 
a markedly hypertensive litter of nine rats in our series. Six of these nine 
were experimentals and were all hypertensives and all excellent reactors. The 
other three were controls, and only one of these was normotensive. Naturally, 
having six of our eleven hypertensive experimental animals in a single litter makes 
it less likely that the difference between experimental and control groups is 
significant and due to audiogenic stimulation. This fact does not detract from 
the correlation between reactors and hypertensives. It will be interesting to 
see whether the excellent reactors at 150 to 200 days of age develop hypertension 
by the time they reach the 400-day old range. 
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Histologic or grossly anatomic study of these rats was not done. The possi- 
bility exists that degenerative changes in the brain might have occurred from 
repeated convulsions in the good reactors and that these have led somehow to 
hypertensive changes in the vascular system. 

In regard to the Albino rat, nothing was able to be concluded definitely tecause 
of an inadequate series. These animals are poor reactors to the audiogenic 
stimulus. Any animal which reacts does so usually only up to 150 days of age 
and then stops, giving a poor score after reaching 400 to 600 days of age. Thus, 
we were not able to correlate reactors with hypertension in this group of animals. 


Blood pressure group 


aypoKSACToss 

HYPEULSACTOSS 


HYPOBEACTOBS 

HYPEBBEACTOBS 

• • • 

• • 

• • • 

• • 

• • 

Less than 139 mm. 

• • • 

• • • 

— 


— 

140-169 mm. 

• 

— 

— 

— 

160-179 mm. 

• 

— 

— 

— 

180-1- mm. 

• 

• • • 

• # • 

• • • 


130-206 day old group 340-830 day old group 

Fig. 1. Correlation of blood pressure with the reaction score to audiogenic stimulation. 


SUMMAKY 

1. Blood pressures were taken in 18 experimental rats subjected to daily audio- 
genic stimulation and 21 controls at 400 to 900 days of age; and on 12 controls 
and 12 experimentals between 130 to 200 days of age. 

2. No difference in incidence of hypertension was found in the younger group, 
but a significant difference was found in the older group — ^there being 61 per cent 
hypertensives among the experimentals and 19 per cent among the controls. 

3. Of the eleven hypertensive grays in older experimental group, nine were 
excellent reactors to audiogenic stimulation. Of the seven normotensives in 
this group, none were good reactors. 

4. We believe this to be objective evidence for neurogenic influences in the 
etiology of hypertension. 

Addendum. Further determinations of blood pressure on twelve control and 
sixteen air blasted Gray Norway rats at 487 to 565 days of age have borne out 
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the above results. The composite results show that only five out of thirty-nine 
controls but twenty out of thirty-four experimentals were hypertensive. 
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The toxicity of the fluid of cysts of Echinococcus granulosus has been re- 
peatedly reported (1, 2, 3). Giusti and Hug (3) have shown that hydatid fluid 
produces severe to fatal ^ock when injected intravenously into dc^s, cats, 
guinea pigs and rabbits. In the dog the symptoms were somewhat similar to 
those of anaphylactic shock, since there was a fall of carotid blood pressure, with 
tach3rphylaxis, leukopenia and incoagulability of the blood. In man accidents 
produced by the rupture of hydatid cysts have been reported in sever^ instances 
(4, 6). Those accidents are usually attributed to phenomena of sensitization to 
foreign antigens present in hydatid cysts. The rupture of the cysts would bimg 
the system into contact with massive doses of substances to which the organism 
had been progressively sensitized and anaphylactic accidents would follow com- 
bination of the antigens with the respective antibodies. This hypothesis, how- 
ever, might be advantageously enlarged in consideration of the fact that severe 
to fatal shock develops among normal dogs after a first injection of hydatid 
flmd. The fluid appears to contain a substance which is primarily toxic for 
dogs, as shown by previous investigators and confirmed in the present paper. 

One of us, in collaboration vdth Recarte and Balea (6), has shown an mcrease 
of the histamine content of the blood following injection of hydatid fluid into the 
veins of dogs and has assumed a certain relationship between the release of hista- 
mine from the tissues and the fall of carotid blood pressure which is a constant 
symptom following administration of hydatid fluid. The experiments reported 
in the present paper were done with the aim of verifying how far this release of 
histamine might be concerned in the outcome of the shock produced in dogs by 
the injection of hydatid fluid. 

Material and methods. The hydatid fluids used in our experiments were 
from three sources: sheep, calf and pig. In some of the experiments a pooled 
sample of the three fluids was used since it has been verified that only minor 
differences can be ascribed to each one of the fluids employed. 

Unless otherwise stated, the dogs were anesthetized with choralose (0.1 gram 
per kgm. of body weight) in 1 per cent solution in hot saline. This solution 
was injected through a femoral vein, immediately after being cooled to body tem- 
perature. The estimations of histamine in the samples of blood were done by 
Code’s method (7). In several instances the Barsoum and Gaddum method (8) 
was applied in view of the fact that besides histamine Aiuep, Barsoum, Tal^t 
and Wieniger (9) described a substance in Code’s extracts of dog’s blood which 
contracts anooth musculature and can be excluded by four extractions of the 
dry residue with alcohol. In our experiments, however, we could not find any 
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substantial differences lietween Code's and Barsoum and (ladduin's extracts for 
histamine, as tested on tlu' guinea pig gut. In a f(‘\\ experiments the fi’agments 
of the liver viau also exti'actiul by l)oth methods and th(‘ lesults agreed closely. 

In tlu' ex])erim('nts in vhich the histamiiu' in tlu* li\('r was (\stimated before 
and after shock, a small fragment of the organ wms (pii(*kly remo\’ed with a 
sharp knife and the alidominal wall was (*losed with hemostats until the end of the 
experiment, when a second fragnuait was exctstnl from another lobc' of the liveix 

The perfusions of th(' li\’(M' were carried out in the following way: the dog was 
anesthetized with cliloralose, a cannula was inserted into tlu' cai’otid artery and 
the abdomen was widely opened from puliis to sternum; tlie trunk of the portal 
vein was (exposed and two ligatures wiax' put in [ilace; th(' animal was exsan- 
guinated through the carotid cannula and just l)efoi*e death tlu^ perfusing can- 
nula was inserted into the trunk of the portal vein, all the collati'ral rami of the 
portal vein distal to the cannula wvw tied and the left lobes of the li\ er, as well 
as the gallbladdei', were tied off and ex(*ised; the lix er was freed from all connec- 
tions with the abdominal organs and diaphi*agm and transfei’red to an a])|)i-o- 
priate mould of ])araffin. 

llEsui/rs. 'J'he injection of 30 to 50 cc. of hydatid fluid cause's a slow' fall of 
carotid blood pre'ssurc', as shown in figure 1. Aftei* partial reco\ ('i*y, the reinjec- 
tion of th(‘ saiiH' dose of hydatid fluid is ('iitirc'ly in('ffe(*ti\'e. This fact shows 
that after a first response' the' dogs liecome de'sensitize'd to furthe'r injections of 
the same substance'. This tae*hyphylae‘tic effee*t sugge'sts tliat the shock pro- 
ducexl by hyelatid fluid is nu'diate'd by some ageait w hi(*li l)('(*omes e'xhauste'd at 
the see'ond inje'e*ti(jn. Anothe'r inte're'sting fae*t that sugge'sts that the shock 
re'sulting in dogs from injection of hydatid fluiel is pi-odu(‘eel indire'(‘tly through 
the lilieratiein of liiologically active' substance's is the' ele'e*i‘e'ase' e)f the' e*e)agula- 
bilitv e)f the ble)e)el that fre'enu'ntly ae'e'eanjianie's the' severe fall of the e‘ai-e)tiel 
l)le)e>e] jire'ssure. In a few e*ase‘s the she'd blood re'inaine'd fluid foi’ t w e'lity-four 
heairs. 

If the' hyelatiel fluiel is e'one'e'iit rate'd te'ii time's at boiling te'mj)e'rat me' a sharjie'r 
elee'line' e)f the arte'rial blood j)re‘ssure‘ is e)l’se'r\ e'd, pre'e-e'de'd by a small e'x ane'se'ent 
fall. This first e'xane'se'e'nt fall of the' e*aie)tiel blood |)ie'ssure' e*aM be' ase*rihe*d te) 
the {)re'se'ne*e' e)f histamine' in the' hyelati<I fluid, sine-e' prolonge'd elialysis al)e)lishe's 
this effect. 

That the substances ])re)elue*ing shexsk is ne)t ele'st roye'el by he'at imi’ elialyzable 
through eselleiphane is shejwn in the expeiinu'nt pre'se'iite'el in figure 2. ddie hy- 
datid fluiel for this experime'iit was elialyze'el against elistille'el w ate'r elui’ing forty- 
eight hours anel the veilume' was reseluce'el te) a fifth by pie)longuel be)iling in e)pe'n 
air. Severe shock follow e'el the injee'tiein eif 10 ce*. of the e‘e)ne‘e'nt rate, corresponel- 
ing to 50 cc. e)f hydatid fluiel. 

A further knowleelge eif the' preiiiertie's e)f thes substane*e' iirexhu'ing slmck w as 
secured in an attempt te) eibtain it in a purifieel fe)rm. Tlie e'xperiment shown in 
figure 3 was perfeirmeel with a, highly ])urifie'el active' material (DAI ), obtaine^ei 
from hyelatid fluid accerreling to the feillowdng pre)ce'elure': te) 100 cc. e)f the fluiel 
was added 5 grams of triclile)roacetic aciel anel the mixture w as kept ovesrnight in 
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the icebox; the next day, the material was filtered clear through paper (after the 
addition of a small amount of Super-cell) ; the filtrate was transferred to cello- 
phane bags and dialyzed against distilled water for forty-eight hours; the mate- 
rial was then concentrated in vacuo to a small volume and precipitated witli 11) 



Fig 1 Dog 3, 15 kgm. body weight. M. the first arrow, :15 cr. of hydatid fluid wore in- 
jected intravenously. Twenty-five minutes later, after partial recovery the same dose o 
hvdatid fluid was again injected without any appreciable effect on the carotid blood 


pressure. 



Fig 2 Dog 9 10.3 kgm. body weight. Ten cubic centimeters of dialyzed hydatid flunl 
(concentrated five times) were injected into the femoral vein Note the sharp tall <>* ‘'^1" 
blood pressure, contrasting with the somewhat slower fall observed in dog 3 (hg. 1), which 
received ii great volunie of unconcentrated fluid. 


volumes of acetone; the precipitate was collected, dried (yielding about (lO mgm. 
of solid) and dissolved in 10 cc. of saline solution. This solution produced a very 
sharp fall of the carotid blood pressure, as shown in figure 3. 

Samples of blood were taken from sixteen dogs before and after the intravenous 




SHOCK PRODUCED BY HYDATID FLUID 


309 


injection of hydatid fluid or of products derived from it and the total concentra- 
tion of histamine in the blood was estimated l)v Code’s procedure. As shown in 
table 1 and fij 2 ;ure 4, in several erases there Avas a drop of the concentration of 
histamine in the blood aj‘t(‘r injection of the hydatid fluid. In dogs 4, 5, 10 and 
12 the increase of the histamine content was indisputable and was early enough 
to have some significance for the production of the shock. In dogs 2, 6, 7 and 9 
there was a late increase of tlie histamine content that could be observed only 
AN hen the carotid blood pressure AA as already increasing. All those facts point to 
the conclusion that the increase of histamine in the blood does not explain the 
precipitous fall of the carotid blood pressure. That a certain release of histamine 
accompanies the shock is made very probable from data obtained by estimating 
the concentration of histamine in the liver before and after the injection of 
hydatid fluid. In four of six cases there Avas a definite decrease of the histamine 



Fijj;. ,‘1. 10, S..5 body Sixty niillignuus of the dry substance' (DAI ) ol)- 

tiiiiH'd from KM) cc. of hydatid fluid \v('r(' inje'ctcd. 

(‘ontent of the liver. But eAaai luux' tluue was no j)arall(4ism t)etw('eii th(‘ de- 
crease' of th(‘ concentration of histamine in tlu' liAer and the intensity of the 
sho(*k. In dogs 3 and 12 the injection of hydatid fluid j)rodu(*ed moderate' to 
severe she)ck, {dthough the' histamine e*e>nte'nt of the liver changeid Aery slightly 
e)r ne)t at all. 

The livers of four dogs Ave're jH'rfuse'el witli Tyre)ele'’s solutiem and 10 cc. e)f ce)n- 
centrated (10: 1 ) hydatid fluid was injecte'el thre)ugh the j)erfusing cannula. Only 
small ametunts e)f histamine (2 to 4 mie*rograms, tedal) were liberate 3 el in tlie)se e*e)n- 
elitions and in ne) case Avas tlu're a liberation of the' amounts \vliie*h might be ex- 
peedixl fremi the experiments in auvo. The' peissibility that a substance pre'se'ut 
in bloe)d might contribute te) the lulease in vive) of histamine from the liver in- 
eluced us to add elefibrinated blood to the perfusing fluiel. }^]a en so, the injection 
of hydatid fluid did not lead to any release eif histamine in significant amounts. 



TABLE 1 


ffislaynine in the blood of dogs given hydatid fluid or suhstarices prep are d from it 


DOG 

WEIGHT 
OF DOG 

ANESTHETIC AGENT USED 

MATERIAL INJECTED 

BLOO 

MICROG 

('1 

Before 

D HIST AM 
RAM PER 

NTIMETE 

Aft 

2 min. 

INK, 

CUBIC 

R 

er 

5 to 10 
min. 

LIVER I 
MINK, ]V 
GRAMS PI 

Before 

IISTA- 
ncRo- 
R GRAM 

After 


km- 








1 

9.0 

Morphine, dial 

40 cc. HL* 

0.06 

0.05 

0.02 



2 

9.5 

Morphiru', dial 

35 ec. IIL 

0.10 

0.10 

0.13 



3 

15.0 

Chi oral ose 

35 cc. HL 

0.14 

0.08 

0.06 

46.0 

48.0 

4 

17.5 

Chi oral ose 

10 cc. CHL 

0.12 

0.20 

0.13 

52.0 

29.0 

5 

11.5 

None 

10 cc. CHL 

0.06 

0.55 

0.34 



6 

10.0 

Chloral ose 

10 cc. CHL 

0.11 

0.10 

0.13 



7 

10.0 

Dial, ether 

10 cc. CHL 

0.05 

0.04 

0.08 

15.0 

10.2 

8 

8.0 

Chi oral ose 

10 cc. CHI/ 

0.13 

0.06 

0.07 



9 

10.3 

Chi oral ose 

10 cc. CHI/ 

0.09 


0.20 



10 

8.5 

Chi oral ose 

60 mgm. DAI 

0.06 

0.13 

0.06 



11 

13.0 

Chloralose 

1 gram SHL 

0.09 

0.07 

0.09 

36.9 

27.4 

12 

6.5 

Chloral ose 

3 grams SHL 

0.06 

.009 

0.11 

24.0 

24 .0 

13 

9.7 

None 

1 gram SHL 

0.13 

0.09 

0.09 



14 

6.5 

N one 

1 gram SHL 

0.09 

0.02 

0.04 



15 

13.4 

Chloralose 

3 grams SHL 

0.12 

0.12 




16 

11.0 

Chloralose 

3 grams SHL 

0.14 

0.15 


12.3 

6.4 


* IIL signifies the iiydatid fluid without any treatment; (MIL means km times con- 
centrated hydatid fluid; CHL' means five times concentrated hydatid fluid; DAI r(‘i)re- 
sents the substance which has been (‘xtracted from hydatid fluid as indicated in the text; 
SHL means the solid material obtained from 3 lit(‘rs of pooled hydatid fluid submit ted to 
concentration in vacAio at 60° to 80°C.: each gram conesponds approximately to 100 cc. 
of the original fluid. 


mm 

^^2 



Fig. 4. Dog 3. Histamine content of the blood samples taken at several intervals before 
and after the injection of hydatid fluid. There was a definite fall of the blood histamine 
which attained its lowest level when the carotid blood pressure was at a minimum. Dotted 
line : histamine content of total blood. Full line : carotid blood pressure. 
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In <Mie experiment, the lung of another dog was perfused with Tyrode^s solution 
and the concentrated hydatid fluid was injected after one hour of perfusion. 
There was a total release of not more than 4 micrograms of histamine during a 
forty minute perfusion. This definitely shows that hydatid fluid is imable to 
release significant amounts of histamine either from the liver or from the lungs 
of dogs. 

In no case has there been any indication of the release of a slowly reacting sub- 
stance (S.R.S.) as described by Feldberg and Kellaway (10) in their experiments 
on snake and bee venoms. 

Comment. From the foregoing results it is apparent that liberation of hista- 
mine cannot account for the shock induced in dogs by the injection of hydatid 
fluid. That the shock is produced indirectly is suggested by the tachyphy lactic 
effect and by the fact that in several instances the blood becomes less coagulable 
after the injection of hydatid fluid than before its injection. As those occur- 
rences are common features of shock produced by peptone, trypsin and anaphy- 
teis, it is interesting to compare the results referred to previously with those 
that have been described in the literature dealing with the mechanism of the 
aforementioned types of shocks. That histamine is released from the liver of 
dogs in amounts that might explain anaphylactic shock was shown in the experi- 
ments of Ojers, Holmes and Dragstedt (11). A substance indistinguishable from 
histamine appears in the peripheral blood of sensitized dogs in amounts which 
might explain the fall of carotid blood pressure, as shown by Dragstedt and 
Gebauer-Fuelnegg (12) and Code (13). In the cases of trypsin and peptone 
shocks, similar results have been described by one of us (14), Ramirez de Arel- 
lano, Lawton and Dragstedt (15), Holmes, Ojers and Dragstedt (16) and Drag- 
stedt and Mead (17). 

In the case of the shock produced by hydatid fluid there is frequently rather a 
decrease of the total blood histamine and only in the late stages is there sometimes 
a small increase of the histamine content of venous blood, this increase occurring 
frequently when the carotid blood pressure had begun to increase and recovery 
was manifest. In anaphylactic shock, there is a definite relationship between 
the extent of the fall of carotid blood pressure and the decrease of the concentra- 
tion of histamine in the liver, as shown by Ojers, Holmes and Dragstedt (11). 
After injection of hydatid fluid the decrease of the concentration of histamine in 
the liver is small in most cases and does not bear any relationship to the severity 
of the shock. Perfusion of the liver and lungs of dogs did not lead to any appre- 
ciable release of histamine. All these facts point to the conclusion that the 
release of histamine is not seriously concerned with the production of shock in 
dogs following the injection of hydatid fluid. Consequently the decrease of the 
concentration of histamine in the liver as observed in experiments in vivo might 
be the consequence of the shock rather than its cause. Especially, the bad nutri- 
tion of hepatic cells following the fall of blood pressure might account for some 
injury to tissue and consequent release of histamine, which appears in small 
amounts in the circulating blood. 

If it is easy to rule out histamine as the cause of the fall of systemic pressure 
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produced by hydatid fluid, it is more difficult to advance any suggestion on the 
nature of the mediator of this kind of shock. Liberation of heparin might ex- 
plain the evanescent increase of the clotting time of the blood as observed in a 
few experiments, although further experimentation is necessary to settle this 
point. There was no indication of a liberation of a slowly reacting substance 
(S.R.S.) in the experiments on perfusion of the liver and lungs of dogs with 
hydatid fluid. Snake and bee venoms liberate this substance, as shown by Feld- 
berg and Kellaway (10). Kellaway and Trethewie (18) have shown a release of 
a slowly reacting substance and of adenyl compounds iri anaphylactic shock. 
Trypsin also was shown by Tretheivie (19) to release S.R.S. and adenyl com- 
pounds from the perfused liver of rabbits. As S.R.S. does not probably play 
any rdle in the diock produced by hydatid fluid, there remains the possibility 
that adenyl compounds which are hypotensive and resistant to atropine might 
be released by hydatid fluid from the tissues of normal dogs. This possibility, 
however, deserves direct experimentation that has not yet been performed. In- 
teresting enough are the facts described by Kellaway and his ^ociate (20, 21) 
on the possibility of a sort of injury of tissue without liberation of histamine. 
■Hie r/tvin of Clostridium perfringens type D liberates histamine, slowly reacting 
substance and adenyl compounds, while the toxin of Clostridium perfringens 
type A does not liberate histamine nor S.R.S. but liberates adenyl compounds 
from the Uver of the rabbit (20). The toxin of Clostridium perfringens type B 
liberates histamine from the lungs of cats but not from those of guinea pigs, 
while the toxin of Clostridium perfringens type C liberates S.R.S. but not 
hiafnminn (21). Consequently there remains the possibility that the hydatid 
fluid produces a sort of injury of tissue which leads to a release, not of histamine 
or S.R.S., but of an unidentified shock-producing substance which might be the 

pharmacologic mediator of its toxic effect on dogs. 

The decrease of the concentration of histamine in the blood might be explained 
by the leukopenia which follows the injection of the hydatid fluid, as shown by 
others and confirmed by ourselves, sinoe Code (22) has shown that histamine in 
Uie blood of dogs is mostly confined to the leukocytes. 

CONCiLUSIONS 

Hydatid fluids from sheep, calf and pig produce shock when injec^ intra- 
venously into d(^. After recovery, the reinjection of the same dose is ineffec- 
tive (tachyphylaxis). During shock, a decrease of the coagulability of the blood 

was frequently observed. , -i. < 

Boiling in the open air and prolonged dialysis do not destroy the capacity oi 
hydatid fluid to produce shock in the dog. Deproteinization with trichloroacetic 
acid and prolonged dialysis to remove the acid do not alter the capacity of hy- 
datid fluid to produce diock. Prom those experiments, a method was devised to 
extract from hydatid fluid an active dry material which produced severe shock m 
tile dog, when injected in the dose of 60 mgm. 

Quantitative studies were made of the histamine content of the blood of dogs 
before and after the intravenous administration of hydatid fluid. In some cases 
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there was a decrease, in some an early increase and in others a late increase of 
the concentration of histamine in the blood. There was no apparent relation- 
ship between the concentration of histamine in the blood and the degree of fall 
of carotid blood pressure. The decrease of the concentration of histamine in the 
liver that was verified in several cases did not show any relationship to the se- 
verity of the shock. Experiments on the perfusion of the liver and lungs of 
dogs with hydatid fluid showed that the fluid is not capable of liberating hista- 
mine froifi the tissues of dogs. 

From the foregoing findings, the general conclusion is drawn that histamine is 
apparently not concerned with this type of shock. The possibility of an un- 
identified substance being the mediator of the shock produced in dogs by hydatid 
fluid is discussed. 
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In the preceding paper (1) we have studied the mechmi^ of the shock pro- 
duced in dogs by an intravenous injection of hydatid fluid. In several cases 
there was a marked decrease of the concentration of histamme in the liver, ^ 
estimated in fragments taken before and after the injection of hydatid fluid 
Since there was no relationship between this decrease of the con^ntration of 
histamine in the liver and the severity of shock and since hydatid fluid was un- 
able to liberate free histamine from the isolated liver of dogs, the decrease of e 
histamine content of the Uver was assumed to be of mmor si^ificance m the 
explanation of the production of shock. In rabbits there is a fall of blo^ hista- 
mine when shock-producing substances (antigen, trypsin and peptone) are in- 
jected intravenously (2, 3, 4). In this sense, rabbit blood behaves like dog liver 
toward the aforementioned agents and it was interestmg to verify the reaction 
of the rabbit to the intravenous injection of hydatid fluid. In contradistinction 
to what occurs in dogs, hydatid fluid does not produce shock in ^esthetized 
rabbits and only minor symptoms follow the mjection of this substance into 
non-anesthetized animals. This result is in disagreement with many reporte 
pointing to the toxicity of hydatid fluid when injected mtravenously into rabbits 
(5 6). Interestingly enough, the blood histamine dropped sharply m almost 
all animals assayed in the experiments presented in the present pa^r. 

The facts presented in this paper and in the precedmg one show that a consider- 
able decrease of the histamine content of dog liver and rabbit blood might ha\e 
no relationship to the shock-producing effect of a substance. 

Material and methods. The hydatid fluids used in the experiments pre- 
sented in this paper were from the same sources as those used m the experiments 
5 to p™=«l£g paper: Aeep, ealt and pig. The three fluid. ^ “ 

HLi HL 2 and HLs in the experiments descnbed subsequently. When the mate- 
rial used is' simply indicated as HL, this means that a pooled sample was used. 
The treatments (dialysis, deproteinization with trichloroacetic acid, precipita- 
tion and extraction with solvents) to which the fluids were submitted durmg the 

experiments are indicated in the text. c j • ndo 

The experiments on the Ueum of the guinea pig were performed m a Dale 
apparatus with a perfusing bath of 3 to 4 cc. capacity. The histamine content of 
hydatid fluid was estimated either by adding the fluid directly to the bath or 
after extraction, following Code’s procedure (7). For convenience, the 
ttiat has been estimated without extraction is called “free” histamme, althoug 
we cannot be sure whether the bound histamine (histamine “precursor ) present 
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in hydatid fiiiid is (aipal)le of partially displaying some of the elfeets of free 
histamiiKL 

Dialysis was performed in cellophane bags against distilled Avat(‘i\ Tlie exter- 
nal water (dialysate) was ehangcnl twi(a^ a day. In the eases in which the dialy- 
sate Y'as tested on tlu^ guiru^a-pig gut, the volume was reduced in vacuo at (>0° 
to 8()°('. and the final volume^ was referred to the original volume of hydatid 
fluid before dialysis. 

The concentration of histamine in rabbit blood was estimab'd by Code’s 
m(‘thod in duplicate samples of 1 (a*, of total blood colk'cted from the veans of tlie 
ear in syringes coated with pc'trolatum and containing 0.2 cc. of sodium oxalate 
(tenth-molar) for each 1.8 (a*, of l)lood. In vitro expei'im(‘nts were pcafornual 
a(aa)rding to the method des(‘ribed previously (0): two samples of 4 to 5 cc. of 
oxalated blood were put into (a)ntact with 1 cc. of saliru' solution and 1 cv. of 
hydatid fluid respecti\ ely ; after three to five minutes’ incubation at 38°(’., th(‘ 
sampl(\s w('r(‘ (aaitrifuged. the [)lasmas carefully collected and dupli(*at(‘ samph's 
of 1 (a*, taken up for extraction of histamine using (’ode’s procedure. 44ie sub- 
stitution of sodium oxalat(‘ foi’ th(‘ lu'paian was found satisfactory. 

For blood pressura' recoiding, the rabbits w(‘re anestlietized witli urethane 
(I gram per kgm. inti-ap(‘riton( ally). In one case, dial “li(|uid” (C’iba) and 
ether w('r(‘ used. Plab'let (a)unts were made following Fonio’s ])ro(aalure. 

llKSUi/rs. Free hisf amine and lire histamine “precar, so/’” present in hydatid 
Jlnid. 44i(‘ hydatid fluids (a/ntract the guinea-f)ig gut when t('st(al diiaadly l/y 
addition to the perfusing bath. This contracting effect was assumed to depimd 
on the ])r(\sen(a" of free histamine, since arginin(% wliich inhibits the histamine 
(diects, also inhibits the contracting eflect of the hydatid fluid, (’alculatcal as 
histamine, this substaiKa', whi(*h (aaitracts the guin('a-pig gut, is pr(\seiit in 
amounts which \'ary from O.Ob to 0.13 microgram per cubic centimoder of fluid. 
Submitted to (’ode’s method of extraction, however, tlu' hydatid fluids a|)pear(‘d 
to contain tlua'C to foui* times as much fr(a‘ histamine as that previously piescait 
in them (tabh' 1). This (lifferema' was shown to de])end on lilx'ration of hista- 
min(‘ from an inacti^ e “pi’ecan’soi*,” siiua* the fluid itself do(\s not display any 
inhil/itoiy effect on tlu' histamiru' standard solution (fig. 1 ). 

From table 1 it is apparent that histamine is not bound to proteins, siiu’c the 
inactive ‘‘precursor” ])asses slowly through cello})hane. After twenty liours’ 
dialysis, the hydatid fluid is almost entirely exhausted of its fi’cc^ or bound 
histamine. The ('xpei iimTits pres(*nted in figur(‘ 1 sliow gra])}iically the facts 
mentioiH'd previously. The histamine prt^sent. in hydatid fluid can b(' found 
quantitatively in the fii’st and second dialysab's, while the material contaiiKMl in 
the cellopharu^ bags (Eni) entirely exhausted of its histamim' aedivity after 
forty-eight hours’ dialysis. 

The experiments referred to in table 2 wei*e (tarried on to test further the proper- 
ties of tliis inactive histamine “precursor.” The dry r(^sidues of samples of the 
hydatid fluids wei-e submittol to extratdions by several organic solvents sucli as 
alcohol, ether, acetone and chloroform. From those experiments it became ap- 
parent that the histamine “precursor” present in hydatid fluid can be faii’ly 
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well extracted with alcohol but that it is entirely insoluble in ether, chloroform 
or acetone. 


TABLE 1 


Free and hound histamine present in hydatid fluid 


NATURE OF THE EXPERIMENTS 


HISTAMINE CONTENT, MICROGRAM PER CUBIC 
CENTIMETER 


Hydatid fluid, tested directly 

Hydatid fluid, submitted to Code’s extraction 
Dialyzed hydatid fluid (HLi)* 

6 hours’ dialysis 

20 hours’ dialysis 

48 hours’ dialysis 

Dialyzed hydatid fluid (HLo)* 

96 hours’ dialysis 


HLi 

HL2 

HLs 

0.06 

0.13 

0.09 

0.20 

0.40 

0.30 

0.15 



0.03 



0 

0 



* The dialyzed fluids have l)een submitted to Code’s rmdliod for extraction of histamine. 



Fig. 1. Guinea-pig ileum. H - histamine base 1 :5, 000, 000. L = hydatid fluid in nature. 
= hydatid fluid suijmitted to Code’s method. K, and K,, mean first and seeond dialysis 
water, eoneentrated to the original volume of the hydatid fluid. E,n = forty-eight hours’ 
dialyzc'd hydatid fluid, submitted to Code’s method. Upper arrows indicate the change of 
the Tyrode solution in the perfusing bath. Addition of 0.15 ec. of hydatid fluid did not 
change appreciably the response to 0.15 cc. of histamine solution added without washing 
with new Tyrode solution. (All the figures represent hundredths of a cubic centimeter 
added to the perfusing bath.) 

From the foregoing experiments one might conclude that hydatid fluid con- 
tains histamine in a bound condition and that the histamine can be set free 
through Code’s method of extraction. This histamine “precursor” is a low 
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molecular complex, soluble in alcohol but practically insoluble in ether, acetone 
or chloroform. 

Experiments on rabbits. The foregoing experiments have shown that it is 
possible to have a hydatid fluid entirely free of histamine either by prolonged 
dialysis against distilled water or by alcohol extraction of the dry residue ob- 
tained through evaporation in vacuo. In the preceding paper (1) we have also 
shown that after prolonged dialysis hydatid fluid does not lose its capacity to 
produce shock in dogs. In the rabbit the hydatid fluid when injected intra- 
venously produced a fall of the histamine content of the blood. In the experi- 
ments presented in table 3, we have shown that this ability to produce a reduction 
of the total blood histamine is maintained after dialysis, deproteinization with 
trichloroacetic acid and precipitation of the concentrated material with acetone. 
The material used in these experiments was a pooled sample of the three hydatid 
fluids available. 


TABLE 2 

Experiments on the properties of histamine ^^precursor” 


Samples of 20 cc. of hydatid fluid were evaporated under reduced pressure to complete 
dryness and each one was extracted with the indicated solvents. The residues and the 
extracts were again evaporated in vacuo and submitted to Codecs extraction. 


NATURE OF THE EXPERIMENTS 

HISTAMINE 
CONTENT, 
MICROGRAM 
PER CUBIC 
CENTIMETER 

NATURE OP THE EXPERIMENTS 

HISTAMINE 
CONTENT, 
MICROGRAM 
PER CUBIC 
CENTIMETER 

Alcohol cxtrftct 

0.17 

Acetone extract 

0 


0.05 

Residue 

0.21 

- - 

Ether extract ... 

0 

Chloroform extract 

0 

Repiflue 

0.20 

Residue 

0.21 

Water extract 

0.20 




From the exp>eriments presented in table 3 it was possible to derive a method 
of extraction of a purified material (DAI) which no longer contained histamine. 
This material, obtained in a dry form produced a conspicuous fall of the concen- 
tration of histamine in rabbit blood (table 3, rabbit 9) and a sharp fall of carotid 
blood pressure in dogs, as showm in the preceding paper (1). For the experiment 
presented in tables 3 and 4 this DAI material was prepared from a pooled sample 
of the hydatid fluids, according to the following procedure: 500 cc. of the fluid 
w^as concentrated to 100 cc. under reduced pressure, and 5 grams of trichloro- 
acetic acid was added; after standing for twenty-four hours in the icebox, the 
material was filtered clear, by addition of a small amount of Super-cell; the fil- 
trate was transferred to cellophane bags and the dialysis was continued for forty- 
eight hours against distilled water and repeated changings of the external water; 
the dialyzed material was concentrated in vacuo and the syrupy residue was dried 
through successive additions of acetone; the dry material was collected in Buch- 
ner funnels and the acetone removed in an oven at 60°C.; the whole material 
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recovered amounted to 324 mgm. and was finally dissolved in 25 cc. of saline 
solution (solution of DAI). 

The decrease of the histamine content of rabbit blood would suggest either that 
histamine was liberated from cells to plasma with the consequent diffusion of 
this substance to tissues or that a drastic reduction of blood cells produced a 
diminution of the histamine extractable from total blood, since there is consider- 
able evidence that histamine is mostly bound to the leukocyte-platelet portion 

TABLE 3 


Effect of the intravenous injection of hydatid fluid or products derived from it on the blood 

histamine of rabbits 



i 

BLOOD HISTAMINE, 
MICKOGKAMS PEK CUBIC 

SABBrr 

MATEEIAL INJECTED* 

CENTIMSTEB 


..... 

Before 

After 

1 

2 CC- (•* 40 cc.) of concentrated HL 

2.06 

0.30 

2 

5 cc. (** 30 cc.) of dialysate (20 hours) of HL 

3.16 

3.16 

3 

5 cc. (= 30 cc.) of dialysate (48 hours) of HL 

1.00 

1.20 


5 cc. (= 30 cc.) of dialyzed (48 hours) HL 

1.20 

0.33 

4 

5 cc. (« 30 cc.) of dialysate (48 hours) of HL 

1.42 

1.42 


5 cc. (*= 30 cc.) of dialyzed (48 hours) HL 

1.42 

0.40 

6 

5 cc. (*= 100 cc.) alcohol extract of dry residue of HL 

1.87 

1.80 


6 cc. (= 1(X) cc.) of residue of alcohol extraction 

1.80 

0.36 

6 

4 cc. (=* 100 cc.) of total proteins washed and dialyzed 

1.46 

0.83 

7 

4 cc. (« 100 cc.) of deproteinized and dialyzed HL 

1.10 

0.33 

8 

5 cc. (* 50 cc.) of deproteinized and dialyzed HL 

2.70 

0.70 

9 

6 cc. (» 60 mgm.) of DAI solution 

1.65 

0.36 


* Dialysis was performed in cellophane bags against 1 or 2 liters of distilled water. 
After dialysis, the external water was concentrated under reduced pressure and the final 
volume of the dialysate was referred to the original volume of hydatid fluid. The amounts 
in parentheses refer to the initial volume of hydatid fluid. The latter was concentrated 
under reduced pressure at 70® to 80®C. and the volume which was injected in each experi- 
ment (2 to 6 cc.) is indicated in the table. Rabbits 3, 4 and 6 were used twice, after a 
lag period of thirty minutes. Usually, the material which was expected to produce a 
decrease in the blood histamine was injected after this resting period. For the alcoholic 
extraction, the hydatid fluid was dried and the residue thoroughly treated with 3 to 4 
portions of hot absolute alcohol. The combined extracts were dried again and dissolved 
in saline solution. The alcohol -insoluble residue was dried in an air current and redis- 
solved in saline solution. The proteins were precipitated with 10 per cent trichloroacetic 
acid, washed with 5 per cent solution of the acid, redissolved in water and dialyzed for 
twenty -four hours. 

of the blood. This last alternative includes two possibilities : 1 , that the hydatid 
fluid produces a reduction of the number of leukocytes (leukopenia), or 2, that 
the injection of hydatid fluid into rabbits leads to a reduction of the number of 
circulating platelets (thrombocytopenia). These possibilities have been sub- 
mitted to careful experimentation. Samples of oxalated rabbit blood were put in 
vitro into contact with solutions of the active material DAI which had been pre- 
pared from hydatid fluid by the procedure described previously. In a few ex- 
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periments, the hydatid fluid in nature was also tried, despite the fact that it con- 
tained a small amount of histamine (0.35 microgram per cc.), which has been 
subtracted from the final values obtained for plasma histamine. The results 
obtained in the in vitro experiments are described in table 4. 

The in vitro experiments presented in table 4 definitely show that hydatid fluid 
or the active substance derived from it (DAI) is unable to liberate histamine from 
cells to plasma. The decrease in the blood histamine cannot therefore be ex- 
plained through a mobilization of the histamine previously bound to the blood 
cells. The possibility that the DAI substance or the hydatid fluid itself might 
destroy the histamine eventually liberated from the cells was ruled out by a 
simple experiment. As is known, when blood clots, histamine appears in higher 
amounts in the plasma. In a typical experiment two samples of oxalated blood 
were clotted by addition of a tenth-molar solution of calcium chloride; after 
coagulation, an appropriate volume of DAI solution was added to one sample 
and the same volume of saline solution to the control sample. After centrifuga- 

TABLE 4 


Effect of hydatid fluid on the histamine content of rabbit 'plasma 


BABBIT 

HISTAMINE CONTENT 07 THE PLASMA, MICSOGBAM PEB 
CUBIC CENTIMETER 

HISTAMINE IN TOTAL 
BLOOD, MICBOGBAMS PEB 

4 CC. blood -b 1 CC. saline 

4 cc. blood -f i cc. DAI or 
HL 

CUBIC CENTIMETER 

1 

0.20 

0.20 

1.6 

2 

0.20 

0.12 

1.6 

3 

Traces 

Traces 

2.6 

4 

0.19 

0.17 

1.6 

5 

0.33 

0.28 


6 

0.30 

0.26 

1.7 

7 

0.48 

0.36 

2.7 


tion, 1 cc. of serum of each sample was extracted by Code’s method and the 
histamine was estimated on the guinea pig ileum. Both samples contained 1.05 
micrograms of histamine per cubic centimeter of serum, a fact which shows that 
the amount of histamine that was released in the clotting process was not altered 
by contact with the material derived from hydatid fluid. 

The hypothesis that hydatid fluid produces changes in the number of leuko- 
cytes and platelets was verified in a large number of experiments. Hydatid 
fluid was injected into fourteen rabbits and the number of leukocytes was deter- 
mined before and after the injection. The interesting fact that we have verified 
is that the reduction of the number of leukocytes depends on the conditions under 
which the experiments were done. Four of the five nonanesthetized rabbits and 
one rabbit anesthetized with dial and ether showed considerable decreases of the 
leukocyte count, while most of the animals anesthetized with urethane showed an 
increase of the circulating leukocytes (table 5). This unexpected effect of anes- 
thesia by urethane remains unexplained but it permitted us to rule out the leuko- 
cytes as the main carriers of histamine in rabbit blood, since in almost all animals 
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a considerable decrease of the blood histamine followed the injection of hydatid 
fluid or products derived from it, as shown in table 5. 

In several instances the platelets were also determined. There appeared to be 
almost always a decrease of the number of platelets consistent with the hista- 
mine decrease, but even here we cannot ascribe to a fall of platelets all the reduc- 
tion of the blood histamine of rabbits, since in some cases the reduction of the 
platelet count was much more conspicuous than that of the histamine content. 
Although this might be accounted for by the inherent uncertainties of the 
platelet counting method used, the only statement one could safely make is that 


TABLE 6 

Effect of hydatid fluid on blood histamine and on leukocyte and platelet counts in the rabbit 


KABBXT 

ANESTHETIC 
AGENT USED 

ICATEEIAL INJECTED* 

HISTAMINE 
CONTENT, 
MICEOOEAMS 
PEE CUBIC 
CENTIMETSE 

LEUKOCYTES 

X 10* 

PLATELETS 

X 10* 

SHOCK 

PEODUCING 

EFEECT 

Before 

After 

Before 

After 

Before 

After 

1 

None 

Dialyzed depro- 

2.4 

1.3 

13.4 

6.4 

640 

12 




teinized HL 








2 

None 

Dialyzed depro- 

2.7 

0.7 

10.4 

6.4 

562 

62 




teinized HL 








3 

None 

Dialyzed HL| 

2.0 

2.0 

13.0 

9.6 




4 

None 

Dialyzed HLt 

0.4 

0.3 

10.0 

12.4 

480 

420 


5 

None 

Concentrated dia- 

1.4 

0.4 

12.2 

2.8 

284 

66 




lyzed HL 








6 

Dial and ether 

Dialyzed HLj 

1.1 

0.9 

16.8 

7.4 

1 430 

397 

No shock 

7 

Urethane 

Dialyzed depro- 

2.3 

0.6 

9.9 

10.0 



No shock 



teinized HL 








8 

Urethane 

Dialyzed depro- 

2.1 

0.4 

14.6 

16.0 



No shock 



teinized HL 








9 

Urethane 

HL, 

2.6 

1.7 

14.8 

18.4 



No shock 

10 

Urethane 

HL, 

0.5 

0.5 

15.6 

39.7 

757 

239 

No shock 

11 

Urethane 

Concentrated HL 

1.6 

1.1 

9.0 

30.6 

150 

46 

No shock 

12 

Urethane 

Concentrated HL 

3.1 

2.0 

16.0 

20.6 

108 

111 

No shock 

13 

Urethane 

Concentrated HL 

1.5 

0.5 

26.0 

25.4 

725 

305 

Moder- 










ate 

14 

Urethane 

Concentrated HL 

1.7 

0.7 


13.0 

274 

31 

No shock 


* The materials were injected intravenously in amounts corresponding to 50 to 60 cc. 
of hydatid fluid, concentrated to 5 to 10 cc. 


the histamine content of rabbit blood is more likely to depend on the number of 
platelets rather than on the number of leukocytes, sinOe drastic reductions of the 
histamine content may coexist with no change or even an increase of the number 
of leukocytes in the circulating blood. 

All the experiments performed on anesthetized rabbits were done with the aim 
of verifying whether hydatid fluid has any shock-producing effect on rabbits. 
In no case was there any drop of the carotid blood pressure after the injection of 
dialyzed or deproteinized hydatid fluid. In one case (table 5, rabbit 13), in 
which a concentrated, not dialyzed, hydatid fluid was injected, there was some 
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fall of carotid blood pressure, but this might be ascribed to some easily diffusing 
substance contained in the fluid. The interesting fact largely verified in the 
experiments described is that a sharp reduction of the concentration of histamine 
in rabbit blood can coexist with a lack of change in the carotid blood pressure. 
This fact might have some significance for the general discussion of the mecha- 
nism of anaphylactic shock in this species, presented subsequently. 

Comment. During anaphylactic shock in the rabbit there is a marked de- 
crease of total blood histamine, as shown first by Rose and Weil (2) and confirmed 
by Dragstedt and his collaborators (8), Eichbaum and Rocha e Silva (9) and 
many other investigators. This decrease of the total blood histamine was inter- 
preted as resulting from the leukopenia that accompanies shock and a shift of 
histamine from blood cells to plasma, following combination of the antigen with 
the antibody (10). Trypsin, when injected intravenously into rabbits, produces 
the main features of anaphylactic shock: fall of blood pressure, increase of the 
pressure of the pulmonary artery, decrease of the histamine content of the blood, 
leukopenia and incoagulability of the blood, as shown by Rocha e Silva (11), 
Dragstedt and Rocha e Silva (3) and Rocha e Silva and Dragstedt (12) . Trypsin 
added in vitro to samples of rabbit blood produces a release of histamine from 
cells to plasma, as shown by Dragstedt and Rocha e Silva (3). Also peptone, 
which in many respects reproduces the symptoms of anaphylaxis, produces a 
sharp fall of blood histamine and leukopenia in the rabbit, as shown by Gotzl 
and Dragstedt (4). Anaphylactic, trypsin and peptone shocks in the rabbit are 
therefore characterized by a triad of symptoms that have been considered by pre- 
vious workers as intimately correlated: 1, fall of carotid blood pressure; 2, release 
of histamine from blood cells to plasma, and 3, decrease of the total blood hista- 
mine and leukopenia. 

In the previous reports there was a general belief that the decrease of blood 
histamine should be of significance in explaining the fall of carotid blood pressure, 
although there is no perfect relationship between the two phenomena, as pointed 
out by Rose (13) and Eichbaum and Rocha e Silva (9). The experiments pre- 
sented in this report show that a sharp fall of the blood histamine can coexist 
with a remarkably stable carotid blood pressure (no shock). The lack of 
parallelism between the decrease of total histamine and circulatory shock in the 
rabbit has been proved in the experiments presented in this paper. It is inter- 
esting to note that hydatid fluid is not able to liberate histamine from rabbit 
blood cells. This fact might well explain the absence of shock in rabbits given 
hydatid fluid intravenously, since the antigen (in sensitized animals), trypsin and 
peptone, which are shock-producing substances, produce a conspicuous release 
of histamine from cells to plasma in samples of rabbit blood. In this difference 
might reside the capacity or the incapacity of the foregoing substances to produce 
a fdl of the carotid blood pressure in the rabbit. 

Another point deserving discussion is the alleged relationship between rabbit 
blood histamine and the leukocyte-platelet count in the circulating blood. 

The experiments performed with hydatid fluid introduce a new body of evi- 
dence against the view sponsored by Code (14) that histamine in rabbit blood is 
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m^ly confined to the granulocylic series of blood elements. There hw 
considerable doubt as to the vaUdity of this view. Zon, Ceder ^d Cngler (16) 
have shown that streptococcal vaccine given intravenousl^y to rabbits produce a 
drop in leukocytes that cannot be correlated with the variations of the lusta:^e 
ccmtent. The injection of antiplatelet serum produced the disappearance of cir- 
culating platelets and drastic reductions of the histamine content, althou^ ^e 
leukocyte counts did not alter very significantly. Independently, IVbnard (16) 
presented evidence that 97 to 98 per cent of the histamine in rabbit blood is m 
the platelets. This view is undoubtedly more in accordance with the fact that, 
when blood clots, histamine appears in large amounts in the serum. This fact, 
first stressed by Code (14) was confirmed by us, using oxalated blood to which an 
appropriate amount of calcium chloride was add^. Since platel^ are the 
elements most concerned in the clotting process, this fact seems to affom a new 
argument for the idea that platelets are the most important carriers of histamine 

in rabbit blood. . t... i • * j 

The extensive studies of Rose (13) on anaphylaxis m the rabbit also pointed 

to the conclusion that the blood histamine content in the rabbit is mdependent 
of the leukocyte count. After recovery from shock the leukocytes returned to 
normal while the blood histamine stUl was at a very low level. In this case, 
there was, however, the possibility that the histamine previously contain^ m the 
leukocjdes might be released following combination of the antigen with the re- 
spective antibody and leave the circulating blood. Direct evidences t^t ^ti- 
platelet serum does not release histamine are lacking in Zon, Ceder and Cngler s 
paper (15). Hydatid fluid has no ability to release histamine, as shown in the 
foregoing experiments, and yet it produces a sharp faU of blood hist^ine. 
Since in several cases there was no corresponding decrease of circulating leuko- 
cytes this definitely shows that the leukocytes are not important earners of 
hista^e in rabbit blood although we cannot be sure that the platelets are the 
only carriers of this toxic substance. At present we can only assume that 
proofs are more in favor of the platelets than of the leukocytes as bemg the 
carriers of histamine in rabbit blood. 

CXlNCLUSIONS 

Hydatid fluid contains histamine in both free and bound conditions. The 
conclusion is drawn that histamine is bound, forming a low molecular complex 
that is fairly soluble in alcohol but insoluble in ether, acetone or chloroform. 
This inactive histamine “precursor” yields free active histamine after prolonged 

boiling in the presence of concentrated hydrochloric acid. , • • + 

When injected intravenously, hydatid fluid produces a drop of the bl(^ hista- 
mine and very mUd symptoms in the rabbit. This abihty of hydatid fluid to 
produce a reduction of the total blood histamine is not impaired by di^ysis 
against distUled water, nor by deproteinization by trichloroacetic acid. From 
pooled samples of hydatid fluid a purified material was prepared, which has the 
same capacity of reducing the total blood histamine when injected mtravenously 
into rabbits. In vitro experiments have shown that hydatid fluid and the pun- 
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fled material derived from it are not able to liberate histamine from cells to 
plasma in samples of rabbit blood. 

In nonanesthetized rabbits the intravenous injection of hydatid fluid results in 
leukopenia and thrombocytopenia, while in rabbits anesthetized with urethane 
there was leukocytosis accompanied by a drop in the platelet count. In all cases, 
however, there was a sharp reduction of the histamine content of the blood. 
From these experiments, the conclusion is drawn that histamine is more likely to 
be carried by platelets than by leukocytes, in the circulating blood of the rabbit. 

Hydatid fluid, or products derived from it, do not produce a fall of carotid 
blood pressure in the rabbit under dial or urethane anesthesia, even when a sharp 
reduction of the blood histamine is observed. From this fact the conclusion was 
drawn that there is independence between a decrease in blood histamine and the 
occurrence of shock. 
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The movements of the intestinal villi in living animals w ere first described by 
Gruby and Delafond (1). Since the appearance of their report in 1843, contribu- 
tions to this subject have appeared sporadically. Among those dealing to a large 
extent with the movements of the villi and giving little or no consideration to the 
activities of larger masses of the muscularis mucosae are contributions by 
Bruecke (2), Hambleton (3), King and Arnold (4), Verzar and MacDougall (5), 
Kokas (6), Ludany and Jourdan (7), and Wells and Johnson (8). The subject 
matter in these treatises centers largely around descriptions of the movements of 
the villi, the nature of the stimulus or stimuli, and an attempt to correlate the 
activity of the villi with the processes of secretion and absorption. 

In a smaller group of reports primary attention has been given to the activities 
of larger masses of the muscularis mucosae. Papers by Exner (9), Gunn and 
Underhill (10), King and Church (11), Thorell (12), and Forssell (13), have 
dealt with various aspects of this subject. 

There is a fairly close agreement among the different w riters in their descrip- 
tions of the types of contractions executed by the muscularis mucosae. The 
more fundamental problems, however, dealing with the nature of the normal 
physiological stimulus or stimuli, the myogenic or neurogenic origin of the con- 
tractions, the physiological function of the contractions, and the role of the nerv- 
ous mechanisms present have remained unsettled. 

With respect to innervation there is general agreement that the sympathetic 
system supplies excitatory fibres to the muscularis mucosae of the small intes- 
tine, rather than inhibitory as in the case of the outer musculature. The func- 
tion of the parasympathetics has not been so well w^orked out. Thorell (12) 
found that as a general rule the muscularis mucosae of the stomach was caused 
to contract by acetylcholine although in some animals this reaction was obtained 
only from certain regions of this organ. King and Church (11) noted the con- 
tractile effect of pilocarpine on the muscularis mucosae of the dog’s small intes- 

1 The expenses of this investigation were defrayed by a grant from the Bristol-Myers Co. 
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tinP but did not study the effects of acetylcholine. The conventional view is 
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vigorous stimulation, producing distortion of the upper half of the villus, was 
more often effective. When the tip of the rod was pushed into the mucosa at the 
base of the villus a contraction practically always occurred which involved not 
only the villus stimulated but also a group of adjacent villi. This reaction was 
always acccanpanied by the formation of a crater-like depression in the mucosa 
centered around the locus of stimulation. This region soon regained its normal 
appearance after the withdrawal of the stimulus. 

Four animals were used for the purpose of studying the effects upon the mu- 
cosa of stimulating the extrinsic nerves, vagi and splanchnics. Our findings 
corresponded closely with those previously reported from this laboratory (4) 
but are at variance with some of the results presented by Ludany and Jourdan 
(7). These authors reported observing a fleeting initial contraction incident to 
penpheral vagal stimulation, followed by complete cessation of activity which 
lasted throughout the duration of stimulation. 

We have not observed complete cessation of the activity of the villi during 
peripheral vagal stimulation in any of our experiments. In some instances a 
slight diminution in activity was noted, in others a slight increase, but usually no 
change. Ridging of the mucosa, however, commonly occurred. These tests 
were made with stimuli ranging in intensity from that just sufficient to produce 
shglit cardiac slowing to that producing complete cardiac arrest. Atropine 
sulphate was injected in a few experiments in doses just sufficient to prevent 
cardiac slowing. It is well known that doses of this magnitude are not large 
enough to prevent a response of the outer musculature of the gut incident to 
peripheral vagal stimulation. The presence of the drug did not materially 
alter the responses of the mucosa. 

Stimulation of the splanchnic nerves always resulted in marked pallor of the 
mucosa, but the initial effect upon the contractions of the villi and the topography 
of the mucosal surface was variable. Sometimes the villi immediately retracted 
sharply and ridges and grooves appeared, at other times the mucosa remained 
quiescent for some seconds. However, later, regardless of the nature of the 
initial changes, there was always an increase in the activity of the villi both as to 
the number contracting and in the rate of their contractions. This augmentation 
of activity p^sed off within several minutes. It was noted that the onset of 
the increase in their activity coincided closely with the secondary rise in the 
arterial blood pressure. 

The mucosa was also observed during and following the intravenous injection 
of 5 cc. of 1:100,000 solution of acetylcholine. This was sufficient to cause a 
marked slowing of the heart, considerable fall in arterial pressure, and vigorous 
activity of the outer musculature of the small intestine. The changes in the 
mucosa corresponded qualitatively to those observed during and following elec- 
trical stimulation of the vagi. The ridging of the mucosa was more pronounced 
following the injection of the drug than following vagal stimulation but the effect 
on the activity of the villi was not materially different. 

Following the intravenous injection of epinephrine in doses of 5 cc. of 1 : 100,000 
solution the mucosa quickly became very pale, the villi contracted and the 
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whole surface became ridged. During the time the mucosa was pale and the 
villi retracted there was no rhythmical movement, but at a time correspondmg 
closely to the pteak in the rise in arterial pressure the surface became pink and the 
villi began to move rhythmically. In most instances the movements graduaUy 
increased, often became more pronounced than before the drug had been adminis- 
tered, then gradually returned to their original state of activity. 

In one animal 1.0 mgm. of nicotine was injected intravenously while the 
intestinal mucosal surface was being observed. The mucosa became very pale, 
the villi contracted sharply and marked pitting, grooving and ridging appeared. 
Qualitatively the reaction of the mucosa was similar to that observed in the same 
animal following the injection of epinephrine but was more intense. Nicotine 
also caused vigorous contractions of the outer musculature of the gut which did 
not occur following epinephrine. During the time the villi were retracted they 
manifested no spontaneous movements but after the lapse of about a minute the 
surface became pink, the villi elongated and individual movements began. This 
occurred before the respiratory excitement and the contractions of the outer 
layers of intestinal muscles had subsided. 

The results of these experiments show that contraction of the inuscularis mu- 
cosae can be initiated by stimulation of extrinsic parasympathetic and sympa- 
thetic nerves supplying the small intestine of the dog, by drugs acting in the 
region of the terminations of motor nerves, and by drugs acting on gmglion 
cells in the pathway of innervation. For the purpose of further clarifying the 
nature of the peripheral (intrinsic) nervous mechanism involved, experiments on 
surviving isolated segments of the rauscularis mucosae were done. 

Experiments with surviving segments of muscularis mucosae. The term muscu- 
laris mucosae is here used to designate preparations from the gastro-intestinal 
tract from which the outer circular and longitudinal muscular layers have been 

removed. . , . 

In aU experiments in which fresh material was used the animal was kept ahve, 
under anesthesia, and the segments removed as needed. The routine procedure 
was to remove the part and immediately submerge it in saline solution at 5°C. 
where it was left undisturbed for from 15 to 30 minutes. The solution used was 
made up by adding salts to distilled water in the proportions used by Tyrode 
with the exception that no magnesium was added. In this paper this solution 
is hereafter designated as saline solution. The removal of the outer muscle 
layers proved to be more easily accomplished and with less damage after a pre- 
liminary period of chilling. Segments which were to be used several hours or 
even days after removal were first flushed out with cold saline solution, then im- 
mersed in fresh solution and stored in a refrigerator mamtained at a temperature 
of 4 to 6°C. A few segments were removed several hours after the death of the 
n.nima.1 Iliey retained a fair degree of viability but a longer time was required 
to establish a steady state and they definitely deteriorated more rapidly than 
fresh material treated as described above. 

The segments, about 4 cm. long, were mounted in a chamber containing 200 cc. 
saline solution, and the chamber was partially submerged in a water bath 
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maintained close to 39°C. The oxygen supply was obtained by means of a 
constant stream of filtered room air. The attachmi'nts to the recording lever 
and to the holder were made at opposite ends of the* segment and placed di- 
agonally to each othei'. Wc; have not found a satisfactory method for registering 
contractions of circular muscle, if such exists in the muscudaris mucosae. A 
slightly modified Trendelenberg method gave records of longitudinal contrac- 
tions but no conclusive evidence of circular activity. For recording, a light well 
balanced lever of the first cla.ss, giving a magnification of 18 times was used. 

When hrst placed into the warm saline .solution, the segments gradually 
lengthened until after the lapse of from 5 to 10 minutes they assumed a fairly 
constant length. As a rule rhythmical movements did not begin until the length 
had approached a constant level. In many instances the saline solution was at 
loom temperature when put into the chamber and the tissue was immeised when 
the temperature was considerably below 39°(’. Rhythmical confractions .seldom 
began before the bath had warmed to 35°C'. or even higher, although this may 
have b(‘en partly a diffusion rather than solely a temperature (>ffect. .As a gen- 
(ual procedure drugs w(‘re not added to the environmental fluid until a constant 
activity of the ti.ssue had been estaldished. 

1. The rlfcciti of rpincphrinc. Preparations from all levels of the .small intes- 
tine and from the middU' jiortion of the largi' intestine responded w ith a .sustaim'd 
shortening following the addition of epinephrine to the bath (fig. I -.A). Rhyth- 
mical (‘ontractions, if pri'sent before' the drug was added, usually pc'rsisted, ami 
more often than not at a slightly accelerated rate throughout the' duration of the 
response'. Nee primary re'laxation was noted in any eef the' te'sts in which e'j)ine'()h- 
rinc evas the only drug adeleel. The minimum dosage' re'eiuired varied ceensieler- 
ably with different preparations. Seeme re'acted to elilutiems of 1 :2()(),()()0,(XU). 
'I'lu're^ were no failure's to contnu-t with fre.sh tissues whe'ii the ceau'e'ntratieen was 
1 :2(),(K)(),(X)(), and cone'emtrations of f re an 1 :2,(XX),0(X) to 1 : 1 ,0(X),(XX) u.sually 
sufhceel te) ineluce a maximal reactiem to thee elreig. Previous treatme'iit with 
atropine or niceetine' did not prevent the cemtractile response to e'pine'phrine, but 
erge)tamine tai'trate in ce)nce'nti'atie)ns of from 1 :100,(XX) to 1 :12(),(XX) pre)\ e'd to 
be an effe'eetive antageenist. Tissues, if prepareel as previously elescribe'el and then 
refrigeerateed, were' eaily slightly less reactive' after 24 hours than when fre'shly 
removed freem tlie beiely, but afte'r 9G hours the majeerity re'acted .slightly or not 
at ;dl regarelle'ss of the ameiunt e)f elrug aelded. (.)ne specimen gave a small 
reaction to drugs after it hael been refrigerated for It) elays. In no instane-e', if 
the aged tissues faik'd tee reaed. to epinephrine, were eve; able te) inehu'e cemtraetieen 
l)y means e)f histamine eir barium. This statement also applies to age'd pre'para- 
tions whiedi faileel te) be aflee-teel by aeeetyle4ioline\ 

2. EJJ'cds of acetylcholine bromide. The inaction to ae'etylcholine iin ai-iably 
cemsiste'el in the she)rtening of the segme'iit (fig. 1-B). .As in the case with e'pi- 
nephrine, there was ce)nsielerable' variatie)n between differe'nt fre'sh piepa rations 
in the minimal concentration of the elrug necessary te) edicit a response'. A few 
reacted to 1 ;2(X),000,(XX), the majority tei 1 : 20,000,(XX), anel in most instances 
1:2,000,000 sufficed to induce a maximal contraction. The effectiveness of 
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acetylcJiolino was not- impaired by previous nicotinizat.ion or by the addition of 
sufficient ergotamine tartrate to abolisli the effect of epinepiirine. Atropine 
prevented tlie reaction to acetylcholine, but as stated pieviously did not affect 
the response to epinephrine (fig. 2) . As a rule the maximal shortening induced by 



Fig. 1. Jlcactidus of the Siinio .scgincnf of iniLsciiliiria imicosac from tlio upper jejunum, 
fresh tissue. A, the reaction to t :2,()I)().(M)() adrenalin ; B, the re.acfion to 1 :2.0(M),(I(II) aeetyl- 
eholirie; (!, the reaction to 1 :2,0l)0,00;i adremdin and'l :2,001),(ll)l) ac('tylcholine introduced 
simultaneously. Time interval.^. 6 seconds. Simultaneous ordinates not shown, hut they 
were constant for the tlirf'e records. 



Fig 2 Reactions of separate fn^sh segments of muscularis mucosae from adjacmd levels 
of the upper jejunum. A, a segment previously atropinized showing t he absence of reaction 
to acetvhdmline and the reaction to adrenalin ; B, a segment previously ergidmiuiuzed slmw- 
ing the failure to react to adrenalin and the reaction to acetylcholine, rime intervals, 6 
seconds. 


acetylcholine was not as great as that following the introduction of epinephrine 

(fig. l-B). ^ • 1 • v 4-v 

With but a few exceptions the time elapsing between tlie introduction ol the 

drugs into the liath and the beginning of the contraction was considerably 
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shorter for acetylcholine than for epinephrine (figs. 1-A, 1-B). While the tech- 
ni(iiie for introducing the drugs and the method of signaling were not precise 
(mough to (hdermine latency very accurately, this procedure and also the mixing 
and dispersion of the drugs in the bath was fairly uniform, so that it is not likely 
that the diflererK^e noted was fortuitous. The significance of this difference 
must for the present remain conjectural. The structures affected by acetyl- 
(•holine may be more superficial, the drug may penetrate tissues more rapidly 
than epinephrine, or th(u*(‘ may be a fundamental difference between the struc- 
tures affected. 

3. AcctylchoUnc and cjdncphrine added to the bath sinialtaneoudy. The height 
of th(‘ conti-action induced when epinephrine and ac(‘tylcholin(‘ were put into the 
envii'onniental fluid at the same time, while higher than the contractions 
elicit(‘d l)y each drug alon(‘ was never their sum (tig. 1-C)- I deficit in the 
height of tlu' contra(*tion when l)oth drugs wen' us('d simultaneously cannot be 



t’ig. Typicid n'actions of the nuiscularis mucosae* of tlic jejunum to nicotine under dif" 
fenmt conditions. .\, fn'sli segment ; B, fresh segme'iit from the* same* animal after atropini- 
zation; C, segm(‘nt aft(*r treatment with ergotamine; 1), segment after previous additions 
of at ropine and (‘I'got amine ; in a subs(‘(iuent test this preparation show(‘d a slight contractile 
r(‘action to adrenalin. K, a s(‘gment which had l)(*(‘n refrigt'rated for ;iS hours previous to 
the t(‘st . Time intervals und(‘r K, seconds, under others, 6 seconds. 


a(*count('d lor on the basis ol (h'tcrioration of the tissue, bcH'ause in almost evtiy 
instance th(‘ reactions to ('ach drug in control tests following the test with both 
used (‘oncurrently, wei-e of the same magnitude as in pi-eliminai-y control tests. 

4. Effeets of nicotine. Nicotine was employed in isolated pix'parations of the 
nuiscularis mucosae as a test lor functional ganglion cells and also as a pait of 
tlie procedure for their differentiation. 

Iheparations of fresh isolatc'd segments of muscularis mucosai' invariably con- 
tracted following the initial dose of nicotiiu' (fig. 3-A). This effect occurred 
after atropinization sufficient to prevent a response to acetylcholine (fig. 3-B), 
and also after tiuatment with ergotamine tartrate in an amount adeqiudu to 
prevent a reaction to epinephrine (fig. 3-(^). After treatment with liot-h atropine 
and ergotamine, however, nicotine failed to induce any marked contraction 
(fig. 3-1)) instead, a small lirief relaxation usually occurred. 

The effect of the initial dose of nicotine on preparations M’hic'h had been re- 
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Mgmtal tor «=veml days or longer differed from that lo.md m . ' 

The uaual reaction a a, biphadc, either a aUght ' 

tion or a relaxation followed by a slight contraction (lig. 3-L 

hrs old) These ctTeets were of short duration and the segini'ii s soon . ss _ 

their original lengtha. Thin type ot reaponae eneo.mter<« only I, vice with 

;t«ea ahich had been in the refrigerator leas than 24 houra, and m both metaneea 

they had been removed from the animal several hours aftei dea h. 

The dosages of nicotine employed, ranging from 1 .40,000 to 1 
sufficient to establish a state in the tissues such that succeeding doses c 1 1 
mit effect Under these conditions spontaneous rhythmical movemen s weie 
nft almlthed, nor was the reactivity to acetylcholine or epinephrine appreciably 

from the large intesline. Only two experiments weiv done on 
inateHl? prepai^d from the large intestine. The removal of the outer muscula- 
ture fronfthe large intestine was more difficult than from the simdl mtestim , 

S eflv bec mse of the greater abundance of connective tissue strands exten.hng 
tm [he into the hmer layers, dd.e spontaneous activity of these segimm s 
thTr ^actions to drugs and the duration of their survival were ...lahtat ydy 
Similar to the results ofitained with material from the small intestine Ilisto- 
roai stodies of the intrinsic plexuses of the large intestine have not been as 
extensive as those made on the plexuses of the small intestine but o our kn.nv l- 
odge no fundamental structural difference between them has 

The results presented in this report support this vi(>w Irom a functional stand 

^’Tm'UssioN 1 . Asmmplions with regard to drags used. The ^•alidity of any 
phS^gical conclusions drawn on the basis of the reaction of ^ 

tisLes to drugs depends upon the correctness of the assumptions v 

to the loci and nature of the actions ol the drugs. 

AcXchohne is a.ssumed to produce its effect, when injected into nta t 
anffiiaU, by its action in the region of nerve endings in periplieral 
effects on ganglia in the chain of innervation, and also jiossi l y ly i s cui . < 
effect Hence the observation that the injection of acetylcholine into dogs 3 
followed by a definite change in the topography of the intestinal mucosa does no 
n todf prove the presence of nerves with cholinergic endings m he muse, dam 
mu osae In'like manner, the contraction produced by acety choline in isola 
“Lents of the miiscularis mucosae might be due to the stimulating action of the 
drug on ganglion cells of Meissner’s plexus with excitatory adremsgic teimin. - 
tion^s (Segments of miiscularis mucosae prepared as described are 
nearlv so of cell bodies of Auerbach’s plexus, but Meissner’s jilexus is left intact.) 

Tt ra— that epinephrine acts peripherally at the effector cells in the 

region of the termination of adrenergic nerves. 

With respect to nicotine, the conventional view is ado,d.ed tl at t>^ 
tions to the drag are due to ite etintulatmg effect on gangl.on , ,e m^e 

i. Boon replaced, if the doce ielaige enough, by depresBion or paialyeiB of the mtv 

cells. 
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2. Evidence for two kinds of excitatory motor ganglion cells in Meissner's plexus. 
Since it is well known from histological studies that Meissner’s plexus is rith in 
ganglion cells, the initial contraction produced by nicotine in segments of fresh 
muscularis mucosae is interpreted as being due to the drug’s stimulating effect 
on the ganglia, and the failure to obtain contractions following subsequent doses 
of nicotine is considered evidence that the paralytic stage has supervened. 

That the nicotine is acting only on the ganglia in these experiments is further 
supported by the following facts: first, typical contractile reactions are induced 
by nicotine in fresh segments of the muscularis mucosae after previous treatment 
with either atropine or ergotamine alone, but do not occur if both atropine and 
ergotamine have previously been added ; secondly, the induction of the paralytic 
state by nicotine does not alter the character of the reactions to either epinephrine 
or acetylcholine, neither is the tone of the segment (length) or the character of 
its spontaneous movements appreciably affected. 

In our opinion, therefore, these facts are best interpreted as indicating the 
presence in Meissner’s plexus of motor nerve cells whose terminations are cholin- 
ergic and of functionally similar cells whose endings are adrenergic. The pres- 
ence of motor endings extrinsic in origin, of either or both types, is not excluded. 

The data at hand do not permit the formation of definite conclusions with 
reference to the proportions or distribution of different motor elements in Meiss- 
ner’s plexus. In the intact dog the more pronounced effects of splanchnic 
stimulation and of epinephrine on the activity of the villi as compared with the 
slight and indefinite effects of vagal stimulation and of acetylcholine, might be 
interpreted as indicating that the muscular layer from which come the strands 
extending into the villi is predominantly innervated by nerves with adrenergic 
endings. This problem still awaits further investigation. The more pronounced 
reaction of the villi and the more marked ridging and grooving following the 
injection of nicotine into the intact animal is interpreted to be due to the simul- 
taneous stimulation of all the motor cells in the submucous plexus. 

3. The question of intrinsic inhibitory nerves in the muscidaris mucosae. The 
evidence available to us for the existence of an inhibitory mechanism in the 
muscularis mucosae is scanty and inconclusive. We have not been able to con- 
firm the observations of Ludany and Jourdan (7) that peripheral vagal stimula- 
tion causes any inhibition of the activity of the villi. The picture as seen by us 
both during vagal stimulation and following the injection of acetylcholine, con- 
forms better to what one might expect from a contraction of a considerable por- 
tion of the muscularis mucosae with little or no effect upon the musculature of 
the villi. Stimulation of the splanchnic nerves and the injection of epinephrine 
induce a brief state of quiescence in the villi and also in the whole mucosal sur- 
face; but rather than a relaxation, it is a quiescence associated with a ridged and 
grooved mucosal surface and retracted villi, a picture not characteristic of 
inhibition. 

The relaxation induced by nicotine in isolated segments of the muscularis 
mucosae which have previously been treated with atropine and ergotamine might 
be construed as indicating the presence of ganglion cells with adrenergic inhibi- 
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tory endings. The relaxation of aged preparations incident to the introduction 
of nicotine into their environs might also be explain^ on the same basis. In 
this case it would be necessary to assume that the inhibitory ganglion cells remam 
viable longer than the excitatory cells. As an alternative hypothesis one mi^t 
conceive the relaxing effect of nicotine under the conditions described to be due 
to a direct depressant effect of the drug on the muscle cells. Regardless of the 
true nature of this reaction, it is a relatively feeble one, and in the mtact animal 
or in fresh untreated isolated segments it could easily be entirely overshadowed 
by the marked contractile reaction induced by nicotine. Further study is needed 
to furnish a more conclusive answer to this question. 

4, The myogenic origin of the contractions. Effects of aging. Spontaneous 
movements occur in fresh material after the preparations have been rendered 
non-reactive by ergotamine and atropine to either epinephrine or acetylcholine, 
and are demonstrable in aged tissues so long as the segments will react to either 
barium or histamine. The view that the contractions of the musculans mucosae 
are basically myogenic in origin is, therefore, supported. Our results present 
evidence that in the aging muscularis mucosae the mechanisms through which 
nicotine mediates contraction disintegrate earlier than those through which 
acetylcholine and epinephrine act. With reference to the latter two drugs we 
have obtained no evidence for any difference in the duration of reactivity to them 
in the g girig ; muscularis mucosae. Furthermore, aged tissues which react on y 
feebly or respond not at all when treated with acetylcholine or epinephrine behave 
in like manner when tested with histamine or barium. 

6. Functions of the muscularis mucosae. In current textbooks of physiology 
the discussions relative to the physiological r61e of the muscularis mucosae deal 
almost entirely with the movements of the villi and their possible effects upon the 
processes of secretion and absorption. The most frequently expressed view is 
that the villus acts as a pump thus facilitating the flow of lymph from the in- 
testine. In the present investigation no particular effort was made to clarify 
this aspect of the problem. In an earlier paper (4) King and collaborators, 
because they could obtain no conclusive evidence of a pumping effect, suggested 
that the movements of the villi serve to facilitate absorption because of a local 
stirring or agitating effect. Wells and Johnson (8) also were not able to support 
the “pump” theory and emphasized the importance of the circulatory changes m 

the villi induced by their movements. . . j. . t 

The muscularis mucosae is well developed in the gastro-intestmal ™ 

mammals and birds, although its thickness is not the same for all specif. There 
are no villi in the stranach and large intestine, and even in the small mtestme 
that portion of the muscularis mucosae which extends into the villi represente 
only a minor fraction of the whole musculature. Because of these facte alone it is 
diflBicult for one to escape the conclusion that the activity of the villi, whatevOT 
this accomplishes, represents only a small part of the activity and function of me 
muscularis mucosae ^s a whole. On the basis of numerous observations of the 
spontaneous and indeed changes in the topography of the mucosal surfa^ m 
intact animals, and the recorded activities of isolated segments, the [authors 
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are of the opinion that the activities of the muscularis mucosae can and do affect 
the transport and disposition of material in the gastro-intestinal canal. This 
view in recent years has been accorded increasing favor among roentgenologists, 
pioneered by Forssell (13). 

While the muscularis mucosae appears to be essentially an autonomous 
mechanism, the nature of its innervation is such that outbursts of autonomic 
activity, whatever the cause, could profoundly affect its movements. The 
effects of great emotional stress upon the digestive tract may thus in part be 
due to changes in the activity of the inner musculature, rather than entirely to 
changes in the activity of the outer layers. 


SUMMARY 

1. The muscularis mucosae of the small and large intestine of the dog is inner- 
vated by both cholinergic and adrenergic motor nerves. 

2. Meissner’s plexus contains ganglion cells the endings of which are cho- 
linergic, and also cells with adrenergic endings. 

3. No conclusive evidence has been obtained for the presence of an inhibitory 
neural mechanism in the muscularis mucosae. 

4. The rhythmic movements of the muscularis mucosae are basically myogenic, 
but can be initiated or augmented through its nervous mechanism. 

5. The muscularis mucosae may play an important mechanical r61e not directly 
connected with the processes of secretion and absorption. 
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This study deals with a comparison of the nutritive values of dextrose and 
sucrose and of the effects produced by thiamine hydrochloride on their utilization. 
Most of the previous determinations of the nutritive values of these sugars were 
made under conditions in which each sugar constituted one of several other 
ingredients of the diet. In the present study the so-called “single food choice” 
technique was used in which one sugar constituted the entire diet (1-3).* To 
compare the nutritive values the following criteria were used: the length of time 
rats of approximately the same age and weight survived on each of the sugars; 
their energy as measured by spontaneous running activity ; their food and water 
intake; the condition hf their reproductive tracts as reflected in the vaginal 
smears. The experiments were carried out in three series. In the first the 
rats had access to only one sugar and water; in the second they ha.d access also 
to a 0.02 per cent solution of thiamine hydrochloride; in the third they had 
access to cod-liver oil in addition to the thiamine solution. 

The results of the single food choice studies on dextrose have already been 
published (4). It was shown that while rats of a standard weight survived only 
4 days without any food, they survived 37 days on dextrose as the sole source 
of nourishment and twice as long (75 days) when given access also to a solution 
of thiamine hydrochloride. These experiments demonstrated under the simplest 
conditions the nutritive value of dextrose and the great effect produced by 
thiamine hydrochloride on its utilization. 

The data on the nutritive value of sucrose which have recently been obtained 
with the same method are now compared with the previously collected data on 
dextrose . 

Methods. In these experiments the rats were kept in individual all-metal 
cages which consisted of a revolving drum (diameter 13 in.) with a ratchet 
cyclometer to i«cord the number of revolutions, and a small living compartment 
with a nonspillable food-cup and two graduated bottles. The structure of the 
cages was such as to greatly reduce, if not completely eliminate, coprophagy 
which, as pointed out in a previous paper, plays an especially important part 
in the single food choice experiments (4). 

* These experiments were carried out under a grant from the Com Industries Foundation 

New York City. .... j i j i... 

* Dr L. Emmett Holt With whom this single food choice technique was developed has 

subsequently focused hie interest on the needs of the organism during conditions of inamtion 
(2, 6) while we have focused our interest more on the general problem of differences m the 
nutritional values of various purified and natural food stuffs. 
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Records of activity, food and fluid intake and of vaginal smears were taken 
daily, and body weight was recorded weekly. The activity drums were tested 
bi-weekly to make certain that they all revolved with equal ease. 

The temperature of the room which housed the cages was kept as nearly con- 
stant as possible. It averaged 75 degrees and ranged between 73 and 80 degrees. 

The rats were placed in the activity cages and fed the stock diet at an average 
age of 45 days. After 15 to 20 days, when the body weights were between 120 
and 149 grams, the single sugar replaced the stock diet. 

Thirty-sbc female rats were used in the sucrose experiments: 11 rats on 
sucrose alone; 13 rats on sucrose and a 0.02 per cent solution of thiamine hy- 
drochloride; 7 rats which for 10 days previous to the start of the single food diet 
had had access to cod-liver oil and then were given sucrose and the thiamme 
solution; and 5 rats which from the start of the single food diet had access to 
cod-liver oil in addition to the thiamine solution. For purposes of comparison 
we have used from our previous experiments on dextrose the records of 33 
female rats with starting weights between 120 and 149 grams, 21 on dextrose 
alone and 12 on dextrose and the 0.02 per cent solution of thiamine hydrochloride . 
Observations were made also on 10 rats given dextrose which had access to cod- 
liver oil in addition to the thiamine, and on 12 rats which had access only to 
water and to no food. 

Results. Table ] summarizes the results of the effects produced on the 
survival times. For 11 rats on sucrose and for the 21 rats on anhydrous dextrose 
the survival times averaged exactly the same, namely 37 days. For the 13 
rats on sucrose and thiamine hydrochloride the survival time averaged 56 days, 
that is, 19 days longer than on sucrose alone, while for the 12 rats on anhydrous 
dextrose and thiamine hydrocliloride the survival times averaged 74 days, that 
is 37 days longer than on dextrose alone. Thus it was shoiim that the thiamme 
hydrochloride increased the survival time of the sucrose-fed rats 51.4 per cent 
and that of the dextrose-fed rats 100 per cent. It is interesting that the rats 
in this latter group were much more consistent in their survival times, dying 
between the 62nd and 87th day while those on the sucrose plus vitamin diet 
died between the 35th and 77th day.^ 

Energy or spontaneous activity. Figure 1 A shows the results of the observations 
made on activity. It shows the average daily running activity for the last 10- 
day period on the stock diet and for as many 10-day periods thereafter as the 
rats survived on the single food. The rats on dextrose and sucrose were almost 
equally active. For the last 10-day period on the stock diet the daily activity 


• Using animals of 30 to 35 days of age and weighing 63 to 68 grams Holt and Kajdi (5) 
found that rats on sucrose lived on the average 29.3 days and on dextrose 27.3 days, and 
when given access to a 0.01 per cent solution of thiamine hydrochloride the rats on dextrose 
lived 49.8 days. No observations were made on sucrose-fed rats with access to thiamme. 
In our previous experiments (3) in which the rats were older than those used by Holt and 
Kajdi and in which coprophagy was only partially eliminated we found that °n dextrose 
the rats survived on the average 67 days, while on sucrose they survived only 42 days. The 
greater effect on the dextrose rats of the thiamine contained in the feces probably accounts 
for this difference in survival times. 
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of the two groups averaged 12,160 and 16,110 revolutions respectively. For 
the first 10-day period on the single food diet the activity of both groups of 
rats increased. After that the activity decreased, slowly at first then more 
rapidly, finally reaching an average near 2,000 revolutions in both groups. 

The same figure also shows the activity records of the two groups of rats 
which had access to thiamine hydrochloride. For four 10-day periods on the 
single food choice both groups of rats showed almost exactly the same activity 


TABLE 1 


DIET 

NUMBER 
OF RATS 

AVERAGE 
AGE AT 
START 

AVERAGE 
WEIGHT AT 
START 

SURVIVAL TIME 

AVERAGE 

SURVIVAL 

TIME 

Sucrose . . . ■ 

11 

days 

63 

grams 

133 

days 

29,31,33, 34, 34, 38, 39, 40, 42, 

days 

37 



(56-66) 

(124-145) 

46 


IDfiYtrose*. 

21 

64 

137 

28, 29, 32, 33, 33, 34, 35, 36, 36, 

37 


(56-71) 

(120-149) 

36, 37 , 37 , 38, 39, 39, 40, 40, 
41,42, 42, 54 


Sucrose 4" Bi 

13 

62 

138 

35,40,45,47,47,50,55,67,66, 

56 


(55-66) 

(127-148) 

69, 70, 75, 77 


Tiflvt.roae 4- Bi 

12 

62 

139 

62,65, 67,72, 73,74,74,75, 76, 

74 


(58-66) 

(130-148) 

76,87,87 


Sucrose 4* Bi (cod-liver' 
oil 10 days before 
stock diet) 

7 1 

68 

142 

55, 56, 70, 71, 77, 92, 96 

74 



(66-74) 

(134-148) 


Sucrose + Bi -f cod-liver 

oil 

6 

69 

134 

55, 57, 63, 73, 77 

65 



(68-69) 

(123-149) 



Dextrose + Bi + cod- 
liver oil 

10 

67 

140 

66, 68, 70, 73, 78, 79, 88, 90, 90, 

80 



(61-73) 

(130-144) 

109 


No food * 

12 

60 

133 

3, 4, 4, 4, 4, 4, 4, 4, 4, 4, 6, 5 

4 



(58-68) 

(119-149) 




curves. After that the rats on sucrose showed a sharp decrease in activity, 
while the rats on dextrose still remained fairly active for 20 days more before 
they showed the same sharp decrease. During the 60-60 day period the rats 
on dextrose still ran more than 6 miles per day. 

Body weight. Figure IB gives the average body weights for the four groups 
of rats. For the first 20 days all four cuWes closely paralleled one another. 
After that both groups of rats on the sugars without the vitamin supplem^t 
lost weight at a more rapid rate than did those which had access to the thiamine 
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hydrochloride solution. In both instances, however, the rats of comparable 
groups on dextrose and sucrose lost weight at essentially the same rate. 

Food intake. Figure 2A gives the average daily intake of dextrose and sucrose 
for the rats without and with access to thiamine hydrochloride. During the 
10-day control period on the stock diet both groups of sucrose-fed rats ate 
sUghtly less food than did the dextrose-fed rats, and when placed on the smgle 
food diet they continued to eat consistently about 15 per cent less than did the 
dextrose-fed rats.* In order to determine whether this was a real or only an 
apparent difference the food intake was calculated in calories per kilogram body 
weight. Figure 2B shows these curves. On the sugar alone the rats ate def- 



Fie. lA. Graphs showing average daily running activity in 10-day periods for 11 rats on 
sucrose, 21 rats on dextrose, 13 rats on sucrose and thiamine, and 12 rats on dextrose and 
thiamine. The ordinates give the activity in number of revolutions of the drum, the 


abscissae time in days. , r 4 . 

Fig. IB. Graph showing body weight curves for the same four groups of rats. 

initely less sucrose during the first two 10-day periods, after that they ate almost 
exactly the same amounts of the two sugars. When given access to thiamme 
hydrochloride the rats consistently ate from 12 to 20 per cent less sucrose than 

dex t r o se 

Total fluid intake. The total intake of fluid was essentially the same for all 
groups of rats, starting at a level near 24 cc. per day on the stock diet, and de- 
creasing rapidly at first on the experimental diets, then more slowly until a 

flat level was reached at 4 to 5 cc. per day. See figure 3 A. 

Thiamine hydrochloride intake. Figure 3B shows the thiamine hydrochloride 

‘ In previous experiments (3) it was reported that during the first 10 days on the single 
food diet the rate on dextrose ate 18 per cent less as measured m grams than they had dunng 
the previous 10 days of the sucrose diet, while the rats on sucrose ate 36 per cent less. 
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intake in micrograms per kilogram of food intake. During the first 30 days the 
sucrose-fed group of rats took considerably larger amounts of the thiamine 



Fig. 2A Fig- 2B 

Fig. 2A. Graphs showing average daily food intake for 10-day periods for the four 
experimental groups of rats. 

Fig. 2B. Graphs showing average daily food intake in calories per kilogram body weig 
for four experimental groups of rats. 



Fig. 3A ^*8- 

Fig. 3A. Graphs showing average total daily fluid intake (water alone or water plus 

thiamine solution) in 10-day periods. .j • 

Fig. 3B. Graphs showing average daily intake of thiamine hydrochlonde in mi g 
per kilogram of food for Ifl-day periods for the two groups of rats which had access to the 

thiamine solution. 


solution than did the dextrose-fed group. During this time, however, the 
sucrose-fed rats decreased their intake at a rapid rate while the other group 
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maintained their intake. The average intake was the same in both groups durmg 
the 30th to 40th day period and after that increased at the same rapi ra e. 

Vagind smears. After showing one, or occasionally two, 4 to 5 day oestrous 
cycles on the single food sugars, all of the rats of both groups except one given 
dLtrose remained in dioestrus until death. This one rat survived 54 days ^d 
showed constant comification of the cells of the vagmal smears from the 35th 

'^^With^ access to the thiamine solution rats given either dextro^ or sucrose 
likewise showed dioestrous smears after 4 to 10 days on the smgle 
The rats given dextrose and thiamine hydrochloride showed dioestrous smears 
for 48 days on the average, then showed only constant comification of the 
vaginal cells. In contrast, the vaginal smears of the rats on sucrose and thiamme 
solution began to show constant comification after the 40th day on the average, 
that is, about 8 days sooner than the rats on dextrose and thiamme. 

Constant comification of the cells of the vaginal smears is 
and most reliable signs of vitamin A deficiency. It would appear therefore that 
on the sucrose and vitamin Bi single food diet rats developed a vitamm A de- 
ficiency sooner than on the dextrose and B, diet and that this difference mig ^ 
account for the shorter survival time of the sucrose-fed rats. Fu er ex- 
neriments were undertaken to answer this question. 

^Effects of cod-liver oil on survival time, etc. Five rats given access to sucro^, 
thiamine hydrochloride and cod-liver oil (in 30 cc. graduated inverted botto) 
survived on the average 65 days, 9 days longer than without cod-liver ^ 
rats took minimal amounts of cod-liver oil, so that it seems unlikely that the 
inLke of fat affected the result. The daily intake for the first 60 days averaged 
0.25 cc. That these rats were entirely devoid of signs of vitamin A deficiency 
shown by the complete absence of comified cells in the vaginal ^ears at a 
times. Further, that the effect produced on the vagmal smears and on survival 
time depended on the vitamin A obtained from the cod-liver oil, and not on the 
fat is shown by the result of experiments in which we offered 7 rats access to 
cod-liver oil during the last 10 days on the stock diet but not at any time while 
on the single food diet. The vaginal smears of these rats, like ^ 

which had access to cod-Uver oil while on the smgle food diet, did n^t show 
comified cells at any time. Furthermore, th®jr 

days, almost 20 days longer than without any cod-liver oil at al , and ^xa^y 
same as that of the rats on dextrose and the thiamme hydrochloride solution. 

Ten rats given dextrose, thiamine hydrochloride and cod-hver oil survived on 
the average 80 days, that is, 6 days longer than without cod-hver oil and 6 days 
longer thm the average survival time of the corresponding group of sucroseded 
rats. Like the rats on sucrose these rats did not show comification of the vaginal 

smears at any time. , oc 

Discussion. The results of these experiments show that, when offer^ as 
the sole source of nourishment, dextrose and sucrose appear to have almost 
exactly the same nutritive value. The survival time, body weight 
general spontaneous activity were essentially the same. The only difference 
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appeared to be that the rats ate slightly less sucrose than dextrose. Based on 
our observation, made under a variety of different conditions, that rats usually 
eat just as much of a given food as they are able to utilize, this result would seem 
to indicate that rats are not able to utilize as large amounts of sucrose as of 
dextrose. However, since they thrived as well on sucrose as on dextrose it may 
be an indication that rats are able to utilize sucrose slightly more efficiently than 
dextrose. This difference may also depend on the levulose component of the su- 
crose or on the necessity of hydrolyzing sucrose before its utilization. 

Further experiments showed that when rats are carried much beyond the 
average survival time of rats on single foods, namely, 35 to 40 days, they develop 
vitamin A deficiency sooner on sucrose than on dextrose. This might mean 
either that more vitamin A is needed for the metabolism of sucrose or that in 
the metabolism of sucrose more vitamin A is destroyed. It may be mentioned 
in this connection that Bender, Ansbacher, Flanigan and Supplee reported that 
rats kept on a diet in which sucrose constituted the basal carbohydrate developed 
a marked dermatitis as early as five weeks after the start of the diet while rats 
kept on dextrin diet did not develop the dermatitis at any time (6). 

It was further shown that the vitamin A obtained from cod-liver oil ingested 
by the rats in the 10-day pre-experimental period was stored in adequate amounts 
to prevent the appearance of signs of vitamin A deficiency for at least 74 days. 

These experiments showed that when both groups of rats had access to cod- 
liver oil, the dextrose-fed rats lived slightly longer than did the sucrose-fed rats. 
It might be concluded from these experiments that the shorter survival times of 
the sucrose-fed rats resulted from the earlier development of vitamin A de&iency. 
That, however, other factors may play a part is shown by the observation that 
the dextrose and thiamine-fed rats, which showed signs of vitamin A deficiency 
as early as the 50th to 60th day, survived as long as did the rats on sucrose, 
thiamine, and cod-liver oil, which did not show signs of vitamin A deficiency at 
any time. 

The levulose component of the sucrose may be responsible for the earlier 
appearance of the vitamin A deficiency on sucrose. More vitamin A may be 
needed for the utilization of levulose than dextrose. This deficiency may also 
account for the slightly smaller effect of thiamine hydrochloride on the utilization 
of sucrose. 

It may be emphasized again that under the conditions of the single food 
experiments the rats did not develop signs of any dietary deficiencies over periods 
of 60 to 80 days except for those attributable to a lack of vitamin A, despite the 
absence in their diet of all the many needed minerals,, vitamins, fatty acids, 
amino acids, etc. This is in marked contrast with the results which are obtained 
under conditions in which rats receive a diet complete except for one substance, 
vitamin or mineral, but mixed in fixed proportions allowing no choice of indi- 
vidual components. It is well known that rats develop signs of the lack of the 
one missing substance ; in less than 10 days, for instance, in the case of magnesium. 
It would seem probable that in the single food experiments the rats are abl^ to 
balance their caloric and vitamin intakes, that is to say they ingest as many 
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calories as they are able to utilize. In the normal full diet experiments in which 
the various minerals, vitamins, carbohydrates, fats, and proteins must be taken 
in fixed proportions, and no self-regulation is possible, higher caloric intake, and 
the resultant higher metabolism, may destroy reserves of those substances that 
cannot be obtained in needed amounts. 

Finally attention may be called again to the great energy of the rats on diets 
limited to one carbohydrate. Even after 50 days the rats with access to the 
vitamin run from 6 to 18 miles per day. The low water intake of the rats on 
the single sugar either with or without thiamine is also to be noted. This con- 
firms the observations made in previous single food experiments (3-5). Gamble 
has recommended dextrose as an emergency ration for men without access to 
drinking water (7). 


SUMMARY 

1. On a diet in which sucrose constituted the sole source of nourishment 11 
female rats of an average age of 63 days and body weight of 133 grams survived 
on the average 37 days, while on a single food dextrose diet 21 female rats of an 
average age of 64 days and body weight of 137 grams also survived on the average 
37 days. The two groups were equally active, showed the same rate of weight 
loss. A lower average daily intake of sucrose consituted the only measurable 
difference between the rats on the two sugars. 

2. When offered access to a 0.02 per cent solution of thiamine hydrochloride 
the rats given dextrose lived 74 days while the rats given sucrose lived only 56 
days. The rats on sucrose ate appreciably less food but for the first 30 days 
were as active as the rats on dextrose. After that they rapidly became less 
active. 

3.. Rats on a single food sucrose diet developed a vitamin A deficiency sooner 
than did rats on dextrose which may account for their decreased activity and 
shorter survival times. After elimination of vitamin A deficiency the rats on 
sucrose lived nearly as long as those on dextrose, had the same body weight 
curves, and were equally active. 

4. At no time did rats on the single food diets develop any signs of dietary 
deficiency with the exception of the appearance of constant cornification of the 
vaginal cells. The fact that the rats could adjust their caloric intake to their 
ability to utilize the food probably explains this lack of dietary deficiencies. 
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Many observers have noted that under conditions of dietary deficiency animals 
will eat their own feces or feces from other animals and that this ingestion of the 
feces prevents the appearance of deficiency symptoms (1, 2). Thus, for studies 
on the effects of dietary deficiencies the eating of feces, or coprophagy, must be 
rigidly eliminated. For purposes, however, of studies on the ability of rats to 
make beneficial dietary selections it becomes a phenomenon not to be eliminated 
but to be investigated in its own right (3). Hitherto only a few attempts have 
been made to single out eating of feces for special experimental study. Roscoe 
who collected feces from vitamin B deficient rats and returned them to their 
cages found that the rats ate from 40 to 100 per cent of the feces and lived for 
long periods of time (4). Guerrant and Dutcher collected feces from rats kept 
on diets in which either sucrose or dextrin constituted the source of carbohydrates 
and fed them to vitamin B deficient rats (5), The rats ate the feces from the 
dextrin group but not from the sucrose group, presumably because the sucrose 
did not support the intestinal bacterial synthesis of vitamin B while the dextrin 
did support this synthesis. 

An attack on the problem has now been made with the self>selection technique. 
In the following experiments rats kept on a diet which lacked all components of 
the vitamin B complex were given access to feces from normal animals. We 
wished to determine whether the rats would eat the feces, and if so in what 
amoimts and with what consistency over long periods of time, and the extent to 
which the ingestion of the feces would replace the entire vitamin B complex. 

For these experiments the rats had access to one representative of each of the 
most important foodstuffs in purified or nearly purified form and in separate 
non-spillable containers. From the results of previous experiments it was known 
that most rats, show normal growth on selections made from the following sub- 
stances: 

1. DextroBe 

2. Olive oil 

3. Casein (vitamin free) 

4. Dried brewer’s yeast or liver powder 
6. Cod-liver oil 


6. Sodium chloride 3 per cent 

7. Dibasic sodium* phosphate 4 per cent 

8. Potassium chloride 1 per cent 

9. Calcium lactate 2 per cent 

10. Magnesium chloride 0.6 per cent 

11. Tap water 


It will be noted that in this assortment of substanees yeast or liver powder is 
the only source of the vitamin B complex. The rats did less well on liver powder 
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than on yeast m that fewer rats showed normal growth curves. When the rats 
refused to eat either the yeast or liver powder they lost weight at a rapid rate. 
Very few rats refused to eat the yeast powder, while a fair number refused to 
eat the liver powder, presumably because of its bitter taste. 

Iinportant for the present purposes is the observation made in some of the 
previous self-selection experiments that the appetites for carbohydrate, fat and 
protein depended on the components of the vitamin B complex which the rats 
received (6, 7 ) . Without access to any of the components, that is, without yeast 
the rats ate large amounts of fat, little or no carbohydrate, and no protein. 
With access to thiamine as the sole source of the vitamin B complex, the rats 
ate less fat, more carbohydrate, but still almost no protein. Progressively as 
the other components, riboflavin, niacin, pyridoxine, pantothenic acid, and 
choline chloride were made accessible in separate containers, the rats ate larger 
amounts of carbohydrate, more protein, and smaller amounts of fat; and pro- 
gressively the body weight curves more closely approached the normal. Thus 
the proportions of the carbohydrate, fat, and protein intakes give a rough indi- 
cation of the presence of the aforementioned six components of the vitamin B 
complex in the diet. Accordingly when on the self-selection diet the rats have 
access to yeast, which contains all of the six vitamin B components at least in 

small aTp^r ^ -<1 

from in'" following self-selection experiments yeast or liver powder were omitted 
om the ten substances offered for choice and were replaced by feces collected 
lom normal rats. This meant that the only vitamin B that could have been 

mrwVjL contained in the feces. Comparisons were 

made of the body weight curves and of the proportions of the carbohydrate, fat, 

d protein mtakes when yeast, liver, or feces constituted the sole source of the 
Vitamin 13 complex. 

Methods. Previous reports contain a full de.scription of the individual cages 
and the technique used for self-selection experiments. Each cage was equipped 
1 a screened bottom and contained three non-spillable cups for the solids and 
eight graduated inverted bottles for the fluids. 

each substance was recorded daily. The bottles were cleaned 
and refilled twice weekly. The animals were weighed weekly. 

The experiments were carried out in three series. In the first the rats were 
given access for a period of 50 days to the assortment of substances listed above 
m which yeast constituted the sole source of the vitamin B complex. Then for 
a penod of 54 days feces from normal rats replaced the yeast. After that the 
ece, we« omitW leaving the diet entirely L from Jl vitam^. In 
acce^ff^^f conditions were essentially the same except that the rats had 
access first to liver powder rather than to yeast. They had access to liver for 
38 days and to feces for 65 days. In the third series the rats were given access 
to f jes from normal rats for a period of 40 days. Then for a period of 66 days 
yeast replaced the feces. After that the yeast was omitted. ^ 
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The feces were collected daily from '^The’^feces 

the feces remaining from the previous day were removed. 
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they received only our regular stock diet. They were then placed on the seK- 
selection diet with access to the 11 different substances. For the first 50 days 
yeast represented all of the components of the vitamin B complex; for the next 
54 days yeast was omitted and replaced by the freshly ground feces; after that 
the feces were removed, leaving the rats on a diet which lacked all components of 
the vitamin B complex. On the yeast diet two rats gained at a normal rate; 
two at a reduced rate. When changed to the feces diet, three rats continued to 
gain at approximately their previous rate, one rat lost weight temporarily and 
then quickly caught up with the other rats. After the removal of the feces all 
4 rats lost weight at a rapid rate. Two rats died after 38 days and 48 days on 
the B-free diet respectively. The other two were killed after 25 and 32 days 
respectively. Thus, when given access to feces the rats grew quite as rapidly 
as on yeast, and when deprived of feces they lost weight at a very rapid rate. 

Dietary selections. Figure 2 shows a typical self -selection record for one of the 
rats. The chart shows the daily intake of dextrose, casein, cod-liver oil, and 
olive oil during the three periods when the rat had access to yeast, feces, and 
no vitamin B respectively. It also shows the body weight curve. During the 
50-day period on yeast the intake of the various substances remained fairly 
constant, except for a gradual increase in the intake of dextrose and simultaneous 
decrease in oil consumption. At the end of this period the rat ate about 2 grams 
per day of yeast, about 5 grams of dextrose, 2 grams of casein, and almost no 
cod-liver oil or olive oil. When feces replaced the yeast there was almost no 
noticeable change in the body weight curve. The rat ate the feces at once and 
after a few days in slightly larger amounts than it had previously eaten the yeast. 
Its dextrose intake increased while the casein intake decreased slightly. The rat 
still took only minimal amounts of the oils. When the feces were removed, 
leaving no source of vitamin B, the animal began losing weight at once, stopped 
eating dextrose and casein, and started at first to take cod-liver oil, later olive 
oil in large amounts. Still later when the rat was failing generally, it also stopped 
taking fat. 

Intake of yeast and feces. The first two columns in table 1 vShow the average 
daily intake of yeast and feces for the 4 rats for the last 20 days of the period on 
yeast and on feces. The yeast intake averaged 2.2 grams; the feces intake 4.5 
grams. Thus, the rats ate about twice as much of the feces as of the yeast. 

Almost at once after the feces were made available the rats ate them freely 
and in large amounts. They continued to eat constant and large amounts 
throughout the experimental periods. They seemed to accept the feces as 
readily or even more readily than yeast and definitely more readily than the 
liver powder. 

From observations made on the daily output of feces of rats kept on our 
stock diet we were able to determine how many rats were required to supply 
the feces eaten daily by these rats. The feces of 28 adult rats were collected and 
weighed daily for 15 days. Their individual daily output averaged 1.6 grams 
with only minor variations from rat to rat. Thus the 4.5 gram intake of feces 
per rat represented the output of 2.8 rats on the stock diet. 

Intake of carbohydrate ^ protein and fat. Table 1 also gives the average daily 
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of dextrose casein, and of olive oil and cod-Uver oil for the 4 rats. The 
average daily intake of dextrose increased from 6.0 grams for the l^t 20 days on 
the yeeet diet to 8.0 grams for the last 20 ^ys on the tea <het 
to mh davs on the vitamin B free diet (no yeast or feces) the dextrose mtake 
drooned slmrply to 0.4 gram. Casein intake remained essentially the same on 
to the ^.st diet but deceased almost to zero during the mtamm B 

^ Sd The tombined intake of olive oU and cod-Uver od dtoe^ durmg 
the wriod when the tats had access to feces but increased very definitely durmg 
to ritamin B free period. All 4 rats showed essentmlly the same changes m 

‘"iS 2 diows that the average daily total caloric intake was 51 .7 during the 
yeS pirirand 49.5 during the feces period and dropped to 20.4 after removal 


TABLE 1 


Average daily food intake for last tO days on ye^. liver and feces diet, and for 11-SO days 

on vitamin B-Jree diet . 



SOURCES OP 
iflTAMlN B COICPLEX 
IN GRAMS 

DEXTROSE IN GRAMS 

CASEIN IN GRAMS 

OLIVE-OIL AND COD-LIVER 

OIL IN CC. 


Yeast 

Feces 

Yeast 

diet 

Feces 

diet 

Vitamin 

B-free 

Yeast 

diet 

Feces 

diet 

Vitamin 

B-free 

Yeast 

diet 

Feces 

diet 

Vitamin 

B-free 

First 

series 

2.2 

(0.9-5.3) 

4.6 

(8.8-5.7) 

6.0 

(2.4-10.6) 

8.0 

(6.7-10.9) 

0.4 

(0.2-0.6) 

2.7 

(2.1-4.2) 

2.9 

(1.7-4.8) 

0.2 

(0.1-0.3) 

1.2 

(0.4-2.8) 

0.7 

(0.3-1.8) 

2.2 

(1.6-2.8) 

(4 rats) 













Liver 


Liver 

diet 



Liver 

diet 



Liver 

diet 








— 




0.3 

(0.1-0.6) 

1.6 

(0.6-2.4) 

Second 
series 
(5 rats) 

2.2 

(0.1-3. 1) 

6.4 

(3.7-7. 2) 

6.7 

(0. 6-9.6) i 

8.7 

(7.3-9.9) 

1.4 

(0.6-2.0) 

0.5 

(0.1-0.9) 

2.0 

(0. 1-3.4) 

0.3 

(0.2-0. 6) 

0.9 

(0.2-1. 6) 

— — 

Feces 

Yeast 

Feces 

diet 

Yeast 

diet 


Feces 

diet 

Yeast 

diet 


Feces 

diet 

Yeast 

diet 


Third 
series 
(5 rats] 

8.0 

(1. 0-3.9) 

1 

2.4 

(1.2-3. 8] 

6.4 

1 (1.3-8.3) 

4.4 

(1. 8-6.1) 

1.7 

(0.3-5.4] 

1.4 

) (0.6-2.1] 

1.6 

1 (0. 1-3.9) 

0.2 

1 (0. 1-0.3: 

1 

0.6 

1 (0.3-1. 8) 

0.8 

1 (0.3-1. 9) 

1.1 

1 (0.6-1. 6) 


of the feces The table also shows the percentage mtake of carbohydrate, fat. 
Id proteS: , The intake of carbohydrate increased on the feces diet from 52^8 
to 64 7 per cent while the fat intake decreased sharply and the protein mta 
deceased oSy d^tly. After removal of the feces the carbohydrate mteke 
dropped from 64.7 to 7.9 per cent while the 

to 88.2 per cent and the intake of protem decrea^ froin f ^ f!" 

Intafce of minerals. Table 3 gives the average daily mtake ^ 

mineral solutions for the rats in the three senes jLke len 

series it was found that the rats decreased their calcium lactate intake whe 

Th^ed To feces, and increased it again when the fec^ were -^^Th 
intake of sodium phosphate showed just the revei^ chang^. The ^ 

^^um chloride decreased on the feces diet and also when the f^ wore 
removed. The intake of magnesium chlonde was very hi^ on bo y 
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feces and showed a very sharp drop after removal of the feces. The intake of 
sodium chloride gradually decreased. 

Second Series, Body weight. Figure IB shows the body weight curves of the 
5 rats used in the series in which the rats had access to powdered liver in place of 
yeast. None of the rats grew as well as on yeast. Four showed only a slight 
gain during the 38 day period and one showed a marked loss. During the 65 
day interval in which the feces replaced the liver, the 4 rats which had pre- 
viously shown a slight gain lost weight temporarily, then gained at a more rapid 
rate than on liver. The fifth rat stopped losing weight, maintained its weight 
at a flat level for about 40 days, then started to gain at an almost normal rate. 
When the feces were no longer offered to them, aU of the rats lost weight at a 
constant and very rapid rate. 


TABLE 2 



AVEEACE DAILY 
TOTAL CALORIC 

CALORIC PERCENTAGES OF 


INTAKE-LAST 20 
DAYS OF EACH 
PERIOD 

Carbohydrate 

Fat 

Protein 

First series (4 rats) 





Yeast period (50 days) 

51.7 

52.8 

19.8 

27.4 

Feces period (54 days) 

49.5 

64.7 

12.7 

22.6 

Vitamin-B-free period* 

20.4 

7.9 

88.2 

3.9 

Second series (5 rats) 





Liver period (38 days) 

40.8 

55.2 

25.2 

19.6 

Feces period (65 days) 

45.5 

76.5 

5.9 

17.6 

Vitamin-B-free period* 

20.3 

27.6 

66.5 

5.9 

Third series (5 rats) 





Feces period (40 days) 

36.6 

69.9 

14.8 

15.3 

Yeast period (66 days) 

38.0 

56.0 

17.5 

26.5 

Vitamin-B-free periodf 

15.4 

44.1 

51.4 

4.5 


* 10th to 30th days, 
t 30th to 50th days. 


Intake of liver and feces. The second part of table 1 summarizes the results. 
The daily intake of liver averaged 2.2 grams and intake of feces averaged 5.4 
grams which is almost 2\ times the intake of the liver. On the basis of an average 
output of 1.6 grams of feces per day for a rat on the stock diet, it would require 
3.4 normal adult rats to supply this amount of feces. It will be noticed that one 
rat ate practically no liver. This is also the rat which showed the large loss in 
weight. 

Intake of carbohydrate, casein and fat. The second part of table 1 gives the 
average daily intake of dextrose, casein, olive oil and cod-liver oil for the 5 rats 
for the last 20 days of each of the three periods. The changes were essentially 
the same as in the first series. The average daily intake of dextrose increased 
from 5.7 grams on liver to 8.7 grams on feces and decreased to 1.4 on the un- 
supplemented diet. The casein intake increased from 0.5 gram to 2.0 grams on 
feces and decreased to 0.3 on the vitamin B free diet. The fat intake decreased 
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from 0.9 gram on Uver to 0.3 gram on feces and increased to 1.6 grams when no 

vitamin B was avilable to the animals. . , , j +„ +Up Hwr 

The dietary selections of the rat which consistently refused to eat the hver 

powSramwSy of special comment. Figure 3 shows the Uver, feces, dextmse 

casein, cod-Uver oU and olive oil intake of tWs animal, 

body weight. This rat was placed on the self-selection diet at the age of 93 y- 

Du4g the following 33 days it ate no Uver powder and showed 

sharp loss in body weight typical for rats of this age on a vitamm B free diet. 

SXrvely duiLg thTfiri twenty days it ate less dextrose, more fat, and no 

casein. After that when the animal began to fail it also ate less ^^t. 

age of 132 days feces were made available in place of hver powde . y 

Xmdrthe same container. On the very first day the rat ate a large amount 

TABLE 3 

./ .•!•■<» <” “ “<'“»• “ “““■ 

j Yn-4)/) Ami 'nfiT'i.nti nn vttctrntn B^frcc dt€t 


First 
series 
(4 rats) 


series 


series 


jeces 

CALCIUM LACTATE 
(2%) 

SODIUM PHOSPHATE 

(4%) 

POTASSIUM CHLOBIDE 
(1%) 

Yeast 

diet 

Feces 

diet 

Vita- 

min 

B-free 

Yeast 

diet 

Feces 

diet 

Vita- 

min 

B-free 

Yeast 

diet 

Feces 

diet 

Vita- X 
.min 
B-free 

2.6 

0.9 

4.6 

4.6 

12.1 

4.3 

4.6 

2.7 

1.6 

Liver 

diet 



Liver 

diet 



Liver 

diet 



1.9 

1 

1.2 

2.6 

2.1 

6.1 

3.7 

1.8 

2.0 

2.9 

Feces 

diet 

Yeast 

diet 


Feces 

diet 

Yeast 

diet 


Feces 

diet 

Yeast 

diet 


L 1.6 

) 

2.7 

3,1 

4.4 

5.6 

9.3 

1.8 

2.6 

4.4 


LAUM&DiVM. 

aiDE (0.5%) 


14.7 


diet 


6.8 


min I 
B-free 


12.0 


5.2 


diet 


I Yeast 
diet 


3.6 


3.4 


3.0 


SODIUM CHLOBIDE 

(3%) 


Yeast 

diet 

Feces 

diet 

Vita- 

min 

B-frec 

4.2 

2.1 

2.0 

Liver 

diet 



3.5 

2.6 

3.2 

Feces 

diet 

Yeast 

diet 


3.6 

3.9 

4.0 


of feces approximately 5 grams, and continued to eat as large or even larger 

amount durtog the foUe«ing 65 day period. Ot epecial 

return of the appetite for dextrose that occurred on the day after feces w 

offered Over Iw day period the daUy dextrose intake mcre^d from 0 to 10 

grams The rat stopped losing weight but did not start to 

mtU approximately 30 days later. After that it recovered a part of its on^a 

weight loss. After the feces were removed the dextrose int^e gr^ua y ^ 

creased again and the cod-Uver oU intake mcreased. The fai ure _ 

take casein at any time after the feces were made available WM most probab y 

Jf^IXled'^stage of emaciation reached by the rat during the vitamm B 

free period while the rat did not eat Uver powder, j „„ +i,a feces 

T^le 2 shows that the average daUy total calom mtake “crea^ on h f^ 
diet from 40.8 to 45.6 and decreased to 20.3 after removal of the feces. 
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percentage intake of carbohydrate increased from 55.2 on the liver diet to 76.5 
on the feces diet and dropped to 27.6 after removal of the feces. Fat intake 
showed the opposite changes. It decreased from 25.2 on the liver diet to 6.9 
on the feces diet and increased to 66.5 after removal of the feces. The protein 
intake decreased only after removal of the feces. 



Fig. 3. Body weight curve and daily dietary selection of rat 7 of the second series. The 
rat had access to liver powder for 38 days; then to feces for 65 days, and thereafter to no 
vitamin B. 



Intake of minerals. The changes in appetite for the mineral solutions were 
less constant than in the first series, but in general they were similar. See table 3. 

Third Series, In this series the rats started on the feces diet and were later 
changed to the yeast diet. The results are not strictly comparable to those 
obtained on the 9 males of the first and second series, since the 5 rats used were 
females which weighed considerably less and furthermore were about 20 days 
older. 
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Body weight. Figure 4 shows the body weight curves of these 5 rats. During 
the 40 days on the feces diet these rats gained at a slow but steady rate. During 
the 66 days on the yeast diet they continued to gain at approximately the same 
rate. The change from feces to yeast was not reflected in these curves. After 
removal of the yeast 4 of the rats began to lose weight but less rapidly than after 
the removal of feces in the first and second series. One rat lost weight very 
rapidly and died after 10 days. 

Feces and yeast intake. The third part of table 1 summarizes the results of these 
experiments. The feces intake averaged 3.0 grams for the last 20 days on the 
feces diet, while the yeast intake for the last 20 days averaged 2.4 grams. Ac- 
cording to our previous calculations the feces intake represents the average daily 
output of approximately 2 rats. It will be noticed that one animal ate only 
half as much of the feces as did the other four. 

Intake of dextrose, casein and oils. Table 1 summarizes the results. The 
dextrose intake was higher on the feces than on the yeast diet but decreased only 
a small amount after removal of the yeast. The intake of fats remained very 
low throughout and failed to show the large increase present in the first and 
second series after removal of the feces. The average for the rat which ate the 
small amount of liver deviated considerably from those of the other animals. 
In all of the animals the changes in appetite which are characteristic for the 
vitamin B deficiency did not appear until after 30 days on the vitamin B free 
diet. This is in keeping with the observation that these animals lost weight 
at a less rapid rate than did the rats of the first and second series during the 
vitamin B free period. 

Table 2 shows that the average daily caloric intake remained low in all 5 rats 
on the feces and yeast diets and decreased after removal of the yeast. Carbo- 
hydrate averaged 69.9 per cent on the feces diet, decreased to 56.0 per cent on 
the yeast diet, and decreased to 44.1 per cent after removal of the yeast. Fat 
intake showed the reverse changes on the feces diet and yeast diet but also 
increased after removal of the yeast. The protein intake increased definitely 
on the yeast diet and decreased sharply after removal of the yeast. 

Intake of minerals. The third part of table 3 summarizes the results. The 
individual differences were too great to permit any conclusions to be drawn. 

Discussion. The results of these self-selection experiments on coprophagy 
showed that rats on a vitamin B deficient diet ate large amounts of feces freshly 
collected from normal rats. Measured in grams they constituted J to | of the 
entire diet. They started to eat the feces at once, definitely more readily than 
they ate liver powder, and quite as readily as they ate yeast powder. Particularly 
noteworthy was the constancy of the intake from day to day during the 40 to 
60 day experimental periods. 

That the rats on the feces diet grew or maintained their body weight as well as 
the rats on the yeast diet makes it seem very likely that the feces must contain 
tike same growth promoting components of the vitamin B complex which are 
present in yeast. 

The effects produced by the ingestion of feces on the carbohydrate, fat and 



COPROPHAGY AS A SOURCE OF VITAMIN B COMPLEX 


353 


protein appetite also indicate that the feces probably contained not only 
thiamine but riboflavin, niacin, pyridoxine, pantothenic acid and choline chloride. 
That in most instances the rats on feces had a higher carbohydrate appetite thaa 
the rats on yeast suggests that feces may contain even greater amounts than 
yeast of some of the vitamin B components, particularly of thiamine. 

The comparison, however, of the results of the first and third series brings 
out a difference between yeast and feces. In the first series omission of the 
feces from the substances offered for choice after the rats had had access to them 
for 54 days was followed by a sharp decrease in body weight and death within a 
few weeks’ time. In contrast in the third series the omission of yeast after the 
rats had had access to it for 66 days was followed by a slower decrease in body 
weight. Thus it would appear that on the yeast diet the rats were better able 
to store some of the vitamin B components. 

It may be noted here that we do not know whether the rats ate the feces 
exclusively to supply the needed vitamin B. It is possible also that they ate 
the feces for other substances, some of them which may not even be present 
in yeast or liver powder. That under these conditions in which a number of 
other substances were available at the same time rats ate the feces at once and 
did not have to be starved into eating them, indicates that the feces do not 
contain any bitter tasting or otherwise unpleasant tasting and probably toxic 
substances. They differ in this respect from yeast and particularly liver powder 
which for some rats must have such a bitter taste that they refuse to eat them 
although in doing so they develop a serious vitamin B deficiency. 

That the feces of rats contain vitamin B we know from the observations made 
by numerous workers starting with those of Osborne and Mendel who conducted 
the first experiments on the effects of a diet consisting in part of feces (8). Later 
experiments were carried out by Steenbock, Sell and Nelson (1), Dutcher and 
Francis (9), Heller, McElroy and Garloch (10), Smith, Cowgill and Croll (11), 
Roscoe (4), Guerrant and Dutcher (2), Kennedy and Palmar (12), Moore, Phy- 
mate and White (13), and others. The last named workers reported that the 
feces from 10 rats on a diet supplying 1 per cent yeast were found sufficient to 
keep the majority of 25 young rats alive for over eight months when used as the 
sole source of vitamin B, The use of wheat germ oil in the diet however probably 
invalidates their results. 

The source of the vitamin B contained in the feces still remains doubtful. The 
results of our self-selection experiments throw no new light on this question. 
We do not know whether the vitamin B in the feces represented an undigested 
excess which passed through the intestinal tract unchanged or whether it was 
synthesized in the intestinal tract by bacteria. Most of the evidence at hand 
however favors the latter explanation. 

SUMMARY 

1. Rats kept on a self-selection diet completely lacking all components of the 
vitamin B complex ate 3 to 5 grams per day of feces collected from normal adult 
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rats. The daily output of feces from 2 to 4 normal adult rats supplied all of the 
needed vitamin B components for bne rat on an otherwise B deficient diet. 

2. Feces-fed Hnimals continued to grow at normal rates and showed no signs 
of specific deficiency. Their appetites for carbohydrate, fat and protein were 
essentially the same as they had been when given access to yeast or liver powder. 

3. When no longer given access to feces the rats at once lost weight at a rapid 

rate. They showed the changes in appetite which are characteristic of vitamin 
B deficiency, namely, a substitution of fat for most of the carbohydrate and pro- 
tein previously taken. . r -i 

4. Thus it is concluded that for at least 40 to 50 days feces satisfactorily 
replaced all the components of the vitamin B complex found in yeast or liver 
powder. 

6. That the rats ate the feces at once and in large amounts and over long 
periods of time without any ill effects would indicate that the feces did not contain 
any bitter tasting or toxic substances. 
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The measurement of plasma prothrombin by the determination of Quick’s 
prothrombin time has become a standard laboratory procedure. Quick (1939) 
found that while control of the calcium concentration is essential, yet it can be 
varied over a relatively wide range without any significant effect on the pro- 
thrombin time. In his earlier description of the method he used 0.040 M CaCL. 
Later he changed this to 0.025 M, but states that this does not significantly 
change the prothrombin time. Stewart and Pohle (1938) suggest the deter- 
mination of the optimal calcium concentration for each sample but Quick denies 
that this procedure in any way improves the accuracy of the method. In con- 
nection with studies in this laboratory using dicumarol, however, it has been 
found that the long prothtombin time resulting from the administration of this 
substance is very sensitive to changes in calcium concentration. 

Methods. Dogs were given 2.5 or 5.0 mgm./kgm. of dicumarol. We are 
indebted to the Charles H. Frosst Co., Montreal, for a supply of the material. 
This was dissolved in physiological saline immediately before use by adding one 
or two drops of 5 N NaOH and was injected intravenously. The plasma pro- 
thrombin time, plasma clotting time, the blood prothrombin time and blood 
clotting time were then measured daily; the plasma prothrombin time and plasma 
clotting time were measured for a series of concentrations of calcium chloride. 

The plasma prothrombin time was determined according to Quick (1940), 
using 0.1 cc. of thromboplastin extract from acetone-extracted rabbit brain 
+ 0.1 cc. calcium chloride solution + 0.1 cc. oxalated plasma. The plasma clot- 
ting time was determined with 0.1 cc. saline + 0.1 cc. calcium chloride solution 
+ 0.1 cc. plasma. The clotting time for each sample was determined with each 
of 0.25, 0.1, 0.05, 0.025, 0.01, 0.005, 0.0025, 0.001 M calcium chloride solutions. 
The blood prothrombin time was measured by the method of Ziffren, Owen, 
Hoffman and Smith (1939) with 0.2 cc. of blood added to 0.1 cc. of thrombo- 
plastin. At the same time, 0.3 cc. blood was added to a second tube to deter- 
mine the blood clotting time. All determinations of clotting times were 
conducted in 8 mm. test-tubes placed in a constant temperature bath at 37°C. 
and the end point taken as the time at which the plasma or blood no longer 
flowed on tipping the tube. The final concentration of oxalate in the plasma 
was 0.01 M. 

Results. The results of a typical experiment are shown in figure 1. Before 
dicumarol administration, the same prothrombin time (20 sec.) is obtained for 
calcium concentrations ran ging from 0.1 M to 0.01 M. Decreasing the calcium 
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concentration to 0.001 M increased the prothrombin tune to 56 sec. After 
riving dicumarol the prothrombin time lengthened, rearing a peak value ol 
125 sec. on the third day. Of greater significance is the fact that the calci^ 
concentration now has a very marked effect on the prothrombin tune. On the 
second day with a prothrombin time of 60 sec. with 0.05 M Ca, this is lengthened 
to no sec. with 0.025 M and 150 sec. with 0.10 M. On the third 
able prothrombin times were only obtained with 0.05 (145 sec.) and 0-025 M 
(170 sec ) No clotting was observed with concentrations above and below this. 



Fig!^2. Changes in clotting time, prothrombin time, etc., after dicumarol. Dog . 

Five milligrams dicumarol/kgm. • • clotting time of bloody 

clotting time of plasma with optimal Ca. X X b oo pro rom in 

^ .+ plasma prothrombin time with optimal Ca. 

With gradual return of the prothrombin time to normal, the calciim curve 
likewise gradually returned to the normal. It can be observed that there was 
some shift of the optimum value, as it was 0.05 M for the 2nd, 3rd, 6th, 7th an 
8th days and 0.025 for the 1st, 4th and 5th dys. This shift was not significan 

as it was not found consistently with other animals. i • 

The normal plasma clotting time is even more affected by changes m calcium 
concentration than the plasma prothrombin time The 
be about 0.05 M and no clotting occurred with 0.25 and 0.(U M Ca, i. ., 
equivalence of calcium and oxalate (0.01 M) was not sufficient to produce 
clotting but rather a five-fold concentration was necessa^ to P«>vide OP^™® 
calcium. After dicumarol, the clotting time was lengthened and here agam 
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clotting could only be obtained at calcium concentrations close to the optimum. 
Since the plasma was 0.01 M with respect to oxalate, exact equivalence at 0.01 
M should have provided excess calcium equivalent to the 10 mgm. per 
cent present initially or 0.0025 M. It is interesting that the lowest clotting and 
prothrombin times were obtained with 0.05 M, which would mean an excess of 
0.04 M calcium added. 

In figure 2 are shown the changes in clotting time, prothrombin time, etc., 
when the values for the optimal calcium concentration are determined. The 
clotting times for blood and plasma agree fairly closely and hkewise the pro- 
thrombin times for blood and plasma. The long blood prothrombin time on the 
third day is of interest. Thus in another dog, 5 mgm./kgm. raised the prothrom- 
bin time to 54 sec. on the second day, 150 sec. on the third day, while the cor- 
responding blood prothrombin times were 90 sec. and 170 sec. Further, the 
effect appeared to be proportional to the degree of hypoprothrombinemia. As 
shown above, the calcium concentration to give the shortest plasma prothrombin 
time with oxalated plasma is ten times the normal concentration in plasma, and 
therefore the long blood prothrombin time is probably due to the lower physio- 
logical calcium concentration. This was tested by adding various concentrations 
of calcium to the blood prothrombin test. Blood prothrombin time without 
calcium was 50 sec., with 0.001 M Ca was 31 sec., with 0.01 M Ca was 30 sec., 
with 0.025 M Ca was 27 sec., with 0.05 M Ca was 38 sec. and with 0.1 M Ca was 
50 sec. 

The question arises as to whether this calcium effect is due to the lowered 
prothrombin concentration in the blood after dicumarol or is due to some other 
factor. This was tested by diluting normal oxalated plasma with oxalated saline 
and determining the prothrombin time at various concentrations of calcium. 
It was found that dilution of plasma as much as 1 : 50 (giving a prothrombin time 
of 2 min. 50 sec.) did not change the calcium curve from that of undiluted plasma. 
A 1 : 100 dilution failed to clot with 0.001 M calcium but the calcium effect was 
not changed at other concentrations. In a second dog, with a 1:10 and 1:20 
dilution of plasma, there was some increase in prothrombin time with the 
highest and lowest calcium concentrations, but this was shght compared to the 
dicumarol-treated animals with the same prothrombin times for optimal calcium 
concentrations. Thus a 1 : 10 dilution of plasma gave a 78 sec. prothrombin time, 
which was raised to 80 sec. by 0.001 M and 78 sec. by 0.1 M calcium chloride. 

Quick (1941) reported that the plasma prothrombin concentration varied mth 
the species. As this is an alternative method for varying prothrombin concentra- 
tion and without a parallel dilution of fibrinogen, etc., similar calcium-pro- 
thrombin time curves were established for different species. These are shown in 
figure 3. It was found that while the prothrombin times of the species studied 
are relatively close together, the effect of calcium varied with the species. Thus 
while dog plasma showed no variation in prothrombin time with calcium con- 
centration from 0.1 M to 0.0025 M, the rat plasma gave a prothrombin time 
of 110 sec. with 0.1 M, 26 sec. with 0.05 M and no clot with 0.0025 M. There 
was a greater difference between species in the plasma clotting time, and the 
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samples with the longer plasma clotting time were the ones which were most 
sensitive to changes in calcium concentration. 

Discussion. The importance of this effect of calcium on the prothrombin 
time is obvious. Witts (1941), in particular, has emphasized the discrepancies 
in prothrombin determinations in the dicumarol-treated animal. He points out 
that in the data of a number of investigators the prothrombin time is longer than 
the clotting time of the blood at the peak of the dicumarol effect. It is probable 
that this discrepancy has been due to the calcium concentration not being 
optimal. Thus, Quick (1944) states that he has never observed a discrepancy. 

Again, the finding that the calcium concentration in the blood is not optimal, 
so that at the peak of the effect the blood prothrombin time is longer than the 
‘‘plasma” prothrombin time, is of great significance. Quick has emphasized that 
the importance of the prothrombin time is not that it measures the amount of 



Fig. 3. The effect of calcium concentration on the prothrombin time of plasma from 

various species. • •Cat. O O Rabbit. X X Rat. H h 

Dog. □ □ Human. 

prothrombin present, but rather that it measures the changes in the clotting 
system corresponding to clinical observations but not detected by the clotting 
time. It would appear from this standpoint that determinations of the blood 
prothrombin, time, in which the calcium concentration is that of the blood in 
vivo, would be more advisable than the usual determination of prothrombin time 
with oxalated plasma. Certainly the slight increase in “plasma” prothrombin 
time in figure 2 (from 25 sec. to 85 sec.) does not suggest the serious hemorrhagic 
tendency present and which was indicated when the blood prothrombin time 
rose to 4 min. 46 sec. 

A serious discrepancy between the “plasma” prothrombin time and the results 
of the two-stage titration of prothrombin according to the technique of Smith, 
Warner and Brinkhous (1934) occurs when the methods are applied to the blood 
of different species. Correcting the “plasma” prothrombin time for the optimal 
calcium concentration did not improve the percent prothrombin calculated from 
it, so that this discrepancy is not due to the calcium effect. 
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Apparently the effect of calcium reported here is not due simply to the longer 
clotting time with thromboplastin when the prothrombin concentration is low. 
In general, the influence of the concentration of any factor on the clotting time 
is found to be on a logarithmic scale. Hence, the effect increases with increased 
clotting time, and it is not possible to conclude that a second factor (in this case 
the effect of calcium concentration) is exerting a different action, simply because 
of the greater effect at the new base line. However, the results obtained on 
diluting the plasma prove that the longer clotting time is not the factor respon- 
sible for the calcium effect. 

The effect of changes in calcium concentration on the clotting system is usually 
considered to be due to two different actions. The effect on lowering the con- 
centration below the optimum is thought to be due to a decrease in the concen- 
tration of the hypothetical calcium -protein complex involved in the clotting 
process, whereas the inhibitory effect of excess calcium chloride is thought to be 
due simply to the known action of divalent neutral salts. However, the failure 
to duplicate the effects of calcium concentration by diluting normal plasma shows 
that this cannot be the explanation of the effects observed. Dilution will both 
decrease the concentration of the calcium-protein complex, and increase the 
inhibitory action of salts (cf. Jaques and Mustard, 1940). Actually, when tested 
with calcium concentrations which are not optimal, the prothrombin in dicumarol 
plasma fails to exhibit the activity of the normal prothrombin system. Not only 
is there a quantitative but there is also a qualitative change in prothrombin 
following dicumarol. Many experiments of significance in the explanation of 
various aspects of clotting are suggested by the findings reported, and we plan 
to continue our studies of this subject. 

SUMMARY 

The clotting time and prothrombin time with whole blood, and the clotting 
time and prothrombin time of oxalated plasma on addition of various concentra- 
tions of calcium, were determined on dogs treated with dicumarol. Normal 
plasma gave very little variation in prothrombin time with calcium concentra- 
tions from 0.005 to 0.10 M. Dicumarol plasma shows a definite optimal calcium 
concentration of 0.025 M and concentrations above and below this value gave 
very much longer clotting times. The difference between these times and those 
with optimal calcium concentration increased up to the peak of the dicumarol 
effect and decreased as the prothrombin returned to its normal level. This 
effect of calcium on dicumarol plasma is not duplicated by diluting normal 
plasma to give the same prothrombin time with 0.025 M calcium. Differences 
between species were observed regarding the effect of varying calcium concentra- 
tion on normal prothrombin time. Calcium concentration has an even more 
marked effect on the plasma clotting time. The blood prothrombin time in a 
highly dicumarinized animal can be reduced by adding more calcium. 

The authors are indebted to Prof. C. H. Best for his interest and support in the 
problem and to the John and Mary R. Markle Foundation for a grant in aid of 
these studies. 
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Reflex vascular reactions initiated at the carotid and aortic bodies are as- 
sumed to be generalized reactions which, co-operating closely with the mecha- 
nisms for respiratory control, aid in distributing the cardiac output in accordance 
with changing respiratory conditions. In the dog the efferent pathway for these 
reflexes includes only thoracicolumbar autonomic fibers (Bernthal, Motley, 
Schwind and Weeks). 

Though the assumption that the reactions are generalized would scarcely be 
questioned, it by no means follows that various portions of the peripheral vascu- 
lature participate in similar degree or even in accordance with the same qualita- 
tive pattern. Differences in the properties of neural units controlling vasomotor 
outflow to individual peripheral •■egions and differences in the access of chemore- 
ceptor influence to these units, lack of uniformity in the richness of the efferent 
vasomotor innervation of various tissues, the presence or absence of sympathetic 
vasodilator fibers, and variations in the relative proportions of coexistent 
vasoconstrictor and vasodilator innervation are potentialities which invite antici- 
pation of qualitative as well as quantitative dissimilarities in chemoreflex reac- 
tions in the several body regions. 

Though data are plentiful concerning the general reactions as they are re- 
flected in the arterial blood pressure, the contributions of individual parts of the 
vasculature in chemoreflex reactions have not been so extensively studied. 
Responses in the spleen (Heymans, Bouckaert, v. Euler and Dautrebande, 1932), 
in the limb (Bernthal, 1932, 1938; Heymans, Bouckaert and Handovsky, 1935) 
and in the submaxillary gland (Bernthal, Motley, Schwind and Weeks) have 
been described. Bearing in mind that the splanchnic region, and particularly 
the intestine, has long been considered especially important in generalized 
vascular reactions having to do with redistribution of circulating blood, we have 
performed experiments dealing with chemoreflex responses in the region supplied 
by the superior mesenteric artery. We have endeavored, first, to demonstrate 
the reactions and their general pattern and, second, to compare simultaneously 
occurring responses in the intestine and in the leg. 

Methods and peocedure. The index of vasomotor activity in these experi- 

^ This study was assisted by a grant from the Horace H. Rackham School of Graduate 
Studies, University of Michigan and by a grant from the Rockefeller Foundation to Robert 
Qesell for studies on respiration. 

•Now in the Department of Physiology, Vanderbilt University School of Medicine. 
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ments was change of arterial blood volume flow under conditions of controlled 
driving head of blood pressure. Details of the method for supplying blood under 
constant conditions to the vascular beds concerned may be found in an earlier 
report (Bemthal, 1938). Briefly, a specially designed “perfusion” apparatus 
receives normally aerated blood from the aorta of the experimental animal and, 
without altering its chemical state or physical properties, delivers it to the arteries 
in which flow is being measured at an evenly pulsating pressure having a constant 
mean value. In prior use of this method (Bemthal, 1938; Bemthal and Weeks, 
1939) the collateral arterial circulation of the region under study was interrupted 
as completely as possible to guard against artefacts which might arise from 
changing relationships between systemic arterial and perfusion pressures. In 
the fw^sent experiments, this procedure, though applicable to the leg, was thought 
to entail too great risk of mechanical abuse when applied to the intestine. How- 
ever, the same end was sought by regulating the systemic mean arterial blood 
pressure as well as the mean perfusion pressure in such a way that the two were 
identical or in a constant ratio to each other. A circulating systemic blood 
pressure compensator similar to that described by Winder (1938) was attached 
to the aortic blood supply line of the perfusion equipment. The efficiency of this 
method can be gauged by inspection of the records reproduced in figures 1 and 2. 

Blood volume flow was measured by means of the thermoelectric method of 
Gesell and Bronk (1926)^ the output of the thermopiles being automatically 
inscribed upon smoked paper by General Electric Photoelectric Recorders. In 
cannulating the superior mesenteric artery, special precautions were exercised 
to avoid injury to the intestine and its nerve supply. Cannulation and the com- 
pletion of connections with blood flow recorder and perfusion equipment en- 
tailed interruption of the intestinal blood supply for approximately ten minutes. 

Chemoreflex reactions were elicited by two different general procedures. In 
some experiments chemical changes were produced in the arterial blood by altera- 
tions of the composition of the inspired air or by intravenous injection of chemical 

• Because of similarity in the underlying principle of this method and the thermostromuhr 
method of Baldes and Herrick (1937), the accuracy of which has been challenged upon 
several counts (Gregg et al., 1942), it seems advisable to mention certain specific points 
in connection with our blood flow determinations. The Gesell and Bronk method is not 
subject to inaccuracy due to different or changing properties of various arteries in which 
flow may be measured because the artery itself is not involved in the heat exchange. Errors 
due to variations in environment were routinely guarded against by sheathing the units 
in cork and using them suspended in air and covered with a thick layer of dry cotton wool. 
The units never came into external contact with body tissues or tissue fluids. The poten- 
tiality of error due to variations in cyclic flow pattern became apparent early in our use 
of the thermoelectric method. Such variations, especially backflow, were minimized 
by the use, whenever possible, of rigid conduits in all parts of the perfusion circuit proximal 
to the units and also as far distally as possible, and by the use of a standard uniform pulsa- 
tion rate (100/minute) in all experiments and calibration procedures. In vitro calibrations 
with heparinized dogs’ blood were carried out with the units mounted on the perfusion 
equipment exactly as they were used in animal experiments. The viscosity of the blood 
was not controlled and presumably it varied in the experiments. Partly for this reason, 
direct comparisons of flow values made in this report pertain to points in the experiments 
separated by time intervals as short as possible. 
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agents. In these experiments carotid and aortic chemoreceptor influences could 
be eliminated separately or together by means of silvei- cold blocks applied to 
Hering’s nerves and t,o the cervical (vago-sympathetic) aortic nerve trunks. In 
other experiments chemical changes were conflned to the carotid bodii's alone by 
a techniciue describcnl earlier (Hernthal, 1938). In neither procedure w(>re 
direct peripheral effects of the chemical stimuli involved in the reactions, because 
the large combined capacity of the perfusion equipment and pressure 
compensator made it possible to supply normal arterial blood to th(‘ axillary 
and superior mesenteric ai'teries during each application ol stimulus and through- 
out the re.sulting reflex reaction and .subsequent recovery. The reactions shown 
are therefore predominantly the result of nervous control. 

Eight experiments were performed upon heparinized dogs (9 12 kgin.) naKo- 
tized”with morphine (7 mgm. per kgm.) and urethane (1 gram/kgm.). ll(>p- 
arinized or defibrinated blood from a donor animal was u.sed for initial filling ol 
the systemic arterial IiIochI pressure compensator and periusion apparatus. 

Results and discussion. The responses in the inlestinal vasculature, d'he 
init ial and liasic respons(> of the intestinal vasculature' to increased chemori'ceptor 
activity is constriction, in which respect this exten.sive jiortion of tlu' xascular 
|)(>d Ix'Iiaves as do vessels of the spleen, the limb and the' siilimaxillary gland (see 
references cited earlier), d'his common response is to Ix' ex]R'cted upon the basis 
that carotid and aortic chemoreceptor stimulation initiates generalized excitation 

of thoracicolumbar \-asomotor efferents. 

The records shown in figure I are all taken Irom tlu' .saiiu' experimi'iit and ai(' 
typical in their iiattern. Inhalation of 1 tier ci'iit oxygen in nitrogen resulted in 
vasoconstriction sufficient to l('s.s('n the blood volume flow in the superior mesen- 
teric artery bv 1!) per cent (fig. 1.\). (do.se interdc'jiendence and lociprocity be- 
tween respiratory and \ asomotor respon.ses are (lemonst rated by comparison ol 
figures lA and lR,forsul)stitution of constant artificial pulmonary ventilation for 
the naturally controlled liyfierpiu'a of figure I A intensified the hyjioxic \ asocon- 
strii^tion sufficiently to reduce the blood flow liy 65 per cent. 

The relafi\'e contributions of aortic and carotid chemoreceptors to the reaction 
are indicated by figures K' and ID. Just preceding ID both Hering’s nerves 
were cold blocked, leax'ing the pathways from the aortic chemoreceptors intact. 
The hypoxia then producc'd only a 9 per cent rc'duction in blood flow (fig. ICA. 
On the other hand, with the carotid chemorc'ceptor pathways inf.ac-t and those 
from the aortic bodies blocked (fig. ID) the blood flow was reduced by 31 per 
cent. In some' of the- animals this relationship was the* converse. 

That the respon.ses shown were truly cliemoreflex was shown by t he ellc'cts of 
simultaneous cold blocking of Hering’s nervc's and the cervical (vago-sympa- 
thetic) aortic nc'rve trunks, whereupon tlic're remamc'd no incognizable ^■aso- 
constrictor response c'ither to hypoxia (fig. 1 K) or to cyanidemia (hgs. 1 F and l(i) 
of the degree employed in these experiments. 

Responses in intesHne ami leg compared. Though accumulated ex idencc' me i- 
cates that diemoreflex vasomotor re-sponses are basically similar in several body 
regions, comparative observation of simultaneously transpiring components of 
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Huch responses may, nevertheless, be informative. It is axiomatic that, so far 
as redistiibiition of circulating blocxl is concerned, the effectiveness of any 
generalized vascular response must depend wholly upon differences in its pattern 
and in its intensity in the several body regions. Further, comparison of the 
simultaneous responses of effectors activated reflexly from a common source must 
suggest properties of intervening portions of the control mechanism. 



Fig, 1. ('h(‘inor€'f1e\ vasomotor reactions in the intestine. 

SM , volume flow of blood in superior nu^senterie artery in cc./min. indicated l>y numerals 
adjacent to curves. R, spirometer record. BP, artificially regulated systemic art(‘rial 
blood j)ressure, mer(‘ury manometer; zero on signal line. PP, pressure of blood supply 
to superior mesenteric artery; zero on time line. S, signal. 7’, time in intervals of 1 and 
10 seconds. 

A. Effects of inhalation of 1 per cent oxygen. Ilering’s nerves and aortic nerves intacd. 
Natural breathing. 

B. R(*peat 1 per cent oxygcm inhalation during constant art ificial pulmonary ventilation 
with open pneumothorax. 

C. Repeat hypoxia. Hering’s nervtis blocked; aortic nerves intact. 

D. Repeat hypoxia. (Vago-sympathetic) aortic nerves blocked; Hering’s nerves intact. 

E. Rep(;at hypoxia. Tlering’s nerves blocked; (vago-8ympathetic)aortic nerves 
blocked. 

F. Effects of sodium cyanide, intravenous administration. Hering’s nerves and aortic*, 
nerves intact. ' 

G. Ref)eat cyanide after cutting Hering’s nerves and the (vago-sym|)athet icO aortic; 
nerves. 

In ftgun^ 2 are shown simultaneous recordings of (diemoreflex changes of blood 
flow in the axillary and superior mesenteric arteries and they d(Tnonsti-ate that 
the paitern of response is not identical in the two vascular beds. One of tlie 
differences is to be seen only during more extended applications of stimulus 
as in figures 2B and 2C. In reactions such as these, the vessels of the extremity 
characteristically display their fullest intensity of response early, after which 
the constriction may either remain steady or recede in part. The vessels of the 
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intestine, on the other hand, often exhibit a more gradually intensifying con- 
striction \\hich does not reach its full strength until considi'rably later in the 
reaction. Clonseciuently, as figures 2B and 2(’ demonstrate, (luring the later 
phases of such responses, the vascular reactions in the two legions may proceed 
in different directions even though they are simultaneously under the control 



Fit*:. 2. Siimiltiineous clH'inoronf'x vasomotor n'actions in forolt'g and intc'stinn. 

JX volume How of blood in right axillary artery. All ot her abbreviations as in figure 1. 
Both axillary and superior meseiiterie arteries supjdied with blood at eonslant mean pres- 
sure indicated by PP. i i • xt + 

,\. lOffccIs of hypoxia. .\11 olKanoiaaa'ptor i)athvvays intact. Xatural hroathing. No .(■ 

al).scnc(' of po.st hvpoxic iiicrcasc'd lilood How in tlio intoslinc. . , , , , 

H. ProloiiKcd livpoxia. De.scription in f(‘xt. Vagi cut. (.Arterial blood iircssuro 


coiniHmsator not op(*rating.) ^ • c i i • ^ i 

( '. Localized hypoxia at carotid chcnioreccptors alone. 1 erfusion of va.sculaily isolat 
carotid l>ifurcation.s with blood iireviously taken from aortaof experimental animal during 

inhalation of 24 jier cent oxygen. i i i i r 

D. Five-tenths cubic centimeter of 0.01 M Xaf^N injected into blood supply of vas- 

eularly isolated carotid bifurcations. 

14 Same. Natural breathing. 


„f a comnmn ufferent slimulati.m. WhcfhtT this ptufiid independence in re- 
sponse springs from churacteristics of the control mecliam.sm or ol the effector 
nu'chanism cannot b(' stab'd upon th(> basis of existing inlormation. 

ddi(‘ most striking and constant difhuTnce in pattern of iTsponse m the two 
regions appt'tirs in the interval immediately following the termination of hypoxia 
or cyanidemia while tlie environment of the ehemoreeeptors presumably is re- 
turning to normal and during whieh the ehemoreeeptors are believed to experi- 
ence a silent peibnl or a diminution of their rab' of discharge below the pread- 
ministration level of tonic activity (Bernthal, 1938). During this period the 
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leg' vessels undergo a very marked and abrupt dilatation (e.g., sufficient to allow 
blood flow to increase 258 per cent above preadministration values in fig. 2A), 
whereas in the intestine the vessels simply return steadily toward their normal 
level of tone either with no dilatation at all (fig. 2A) or with a very small dilata- 
tion above the prehypoxic level (figs. 2C, Dand E). That post-hypoxic dilatation 
in the leg is not dependent upon purely local phenomena (e.g., reactive hyper- 
emia) but reflects changing activity of the central nervous controlling mechanism 
is indicated by the occurrence of corresponding changes in breathing move- 
ments (figs. 2A and E) and in heart rate. Though hypocapnia of the vasocon- 
strictor center following the period of pulmonary hyperventilation is no doubt 
a contributing factor, this cannot be the basic cause since the phenomenon per- 
sisted even when constant artificial pulmonary ventilation was imposed (see 
figs. 2C and D). The obvious probability is that the post-hypoxic vasodilatation 
coincides with temporary hypoactivity of the vasoconstrictor center, such hypo- 
activity resulting from abrupt cessation of a markedly increased stream of ex- 
citatory chemoreceptor impulses. Pitts, Larrabee and Bronk (1941) have, in 
fact, strikingly demonstrated such a temporary hypoactivity in spcmtaneously 
active sympathetic fibers (presumably vasomotor) immediately following int(^nse 
stimulation of vasoconstrictor neurones from an extraneous sources (the hypo- 
thalamus). The latter demonstration, furthermore, is in opposition to an alter- 
native hypothesis that the post-hypoxic vasodilatation represents after action 
upon the part of sympathetic vasodilator fibers, which Bulbring and Burn 
(see Burn, 1938) believe to be relatively numerous in the leg of the dog as com- 
pared Avith the intestine. 

The explanation for the absence of post-hypoxic vasodilatation in the chemo- 
reflex response of the intestinal vasculature is not clear, but the possibiliti(\s wffii(*h 
it suggests may be significant. Granting that post-hypoxic vasodilatation in the 
leg does indicate a recession of the activity of the vasoconstrictor center behwv 
its normal level of tonic discharge, then smallness or absence of a parallel 
phenomenon in the intestine suggests either that normal arteriolar tone in that 
region is relatively independent of the tonic activity of the center or that there 
are compensating mechanisms in the intestine capable of locally opposing such 
vasodilatation. While conclusions upon so important a point may properly 
await more direct evidence, it is pertinent to recall the findings of H. W. Smith 
et al. (1939) which led them to conclude that (in unanesthetized man) “the tone 
of the renal £trterioles is normally maintained by autonomous intrinsic activity 
of the peripheral vascular apparatus and is not dependent upon tonic activity of 
the central nervous system’^ and to infer that the same is true of the arterioles 
of the other splanchnic viscera. 

The possibility of a local reflex vasoconstrictor influence capable of opposing 
post-hypoxic vasodilatation in the intestine is suggested by the findings of Gam- 
mon and Bronk (1935) that elevation of pressure within the intrinsic*, vessels of 
the Pacinian corpuscles of the mesentery evoked increased discharge from these 
structures. Their experiments suggested, further, that such increased discharge 
reflexly induced constriction in the intestinal vessels. The onset of a vasodilata- 
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tion which included the arterioles of the Pacinian corpuscles (and thus raised the 
pressure within their intrinsic vessels) might conceivably initiate a self-limiting 
local compensatory reaction. 

Interest attaches to the intensity of the vasomotor reactions occurring in the 
intestine in comparison with those occurring elsewhere. It is well knowm that in 
and in certain other situations which involve the chemoreflex mecha- 
nism, vasomotor reactions are brought into play which effect a redistribution of 
arterial blood flow in favor of brain and myocardium. The contribution of the 
splanchnic region relative to that of others such as the extremities has never teen 
determined quantitatively, although the former is often emphasized in discus- 
sions. 

In these experiments comparisons have been made upon the basis of changes 
in blood volume flow which occurred simultaneously in leg and intestine. In- 
asmuch as the perfusion pressure was a constant under the experimental condi- 
tions, the following relationship was assumed, 

blood volume flow befor e reaction peripheral resistance during reaction 

blood volume flow during reaction ” peripheral resistance~before reactii^ 

Upon this assumption, the values for the ratio VF 1 /VF 2 in table 1 indicate in- 
tensity of vasomotor response in terms of multiples of whatever peripheral re- 
sistance to flow existed in the respective vascular beds just preceding the response. 
Further, since identical constant perfusion pressures were used for the two 
regions, the intensity of reaction in the intestine as compared with the simul- 
taneous reaction in the leg was expressed by the value of the ratio, APR-sup, 
mes./APR-ax. (last column, table 1).^ 

The results presented in table 1 comprise a representative series taken from 
several different experiments. The figures demonstrate wide variations in the 
relative intensity of response in the two regions. Sometimes (one experiment) 
the reactions in the intestine were consistently the more intense. Sometimes 
the relative intensities became reversed at different stages of the same experiment. 
In by far the greater number of instances, however, the vasomotor responses in 
the intestine were consistently definitely less pronounced than those in the leg, 
i.e., in the generalized vascular reaction resulting from chemoreceptor stimula- 
tion, the peripheral resistance offered by the intestinal vasculature was increased 
in lesser degree than was the peripheral resistance offered by the leg vessels. 
It follows, at least when the chemoreflex factor dominates the vascular response 
as in hypoxia, that if the intestinal vascular bed does actually exert a greater 
influence than that of the leg and similar regions in the process of redistribution 
of blood volume flow, this superiority must usually depend upon factors other 

* Figures for APR-sup. mes./APR-ax. indicate relative intensity of maximum phase of 
responses in intestine and leg, no attempt having been made to estimate averages of fluc- 
tuating flow rates throughout entire reactions. An important corollary question, not 
considered here, is the relative durability of response in leg and intestine duHng prolonged 
chemoreceptor stimulation. 
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TABLE 1 


1 

gj.» 

DESCRIPTION 

1 

tn 

S 

Pi 

% 

0 

CO 

s 

Pi 

VOLUME FLOW OF BLOOD 
(CC.MIN.) ‘ 

VFi/VFs 

tn 

a 

i 

< 

Prestimula- 
tion mean 
(VFi) 

Stimulation 
Max. response 
(VFs) 

Superior 

mesenteric 

Axillary 

Superior 

mesenteric 

Axillary 

Superior 

mesenteric 

Axillary 



mm Hg 








1 

5 % 0» trachea. All chemoreceptors* 

120 

166 

45 

152 

38 

1.09 

1.18 

0.50 

; 2 

Repeat 1 

120 

166 

43 

150 

37 

1.10 

1.16 

0.62 

9 

5.0 cc. 0.01 M NaCN-vein. Vago- 

120 

138 

47 

86 

25 

1.60 

1.88 

0.70 


aortic nerves cut* 









12 

2.0 cc. NaCN-vein. Vago-aortic 

120 

166 

38 

146 

22 

1.13 

1.72 

0.18 


nerves cut* 









20 

2.0 cc. NaCN-vein. Vago-aortic 

120 

195 

47 

169 

29 

1.15 

1.62 

0.24 


nerves cutt 









30 

Same as 20 

120 

183 

63 

167 

38 

1.09 

1.66 

0.14 

1 

’ 

10% C62 trachea. All chemorecep- 

116 

116 

48 

93 

39 

1.25 

1.23 

1.09 


tors* 









3 

3-4% Oj trachea. All chemorecep- 

116 

112 

46 

62 

22 

1.80 

2.09 

0.73 


tors* 









7 

3-4% O2 trachea. Hering’s nerves 

116 

107 

37 

77 

20 

1.39 

1.85 

0.46 


blocked* 









15 

Same as 7 

116 

90 

46 

68 

30 

1.32 

1.53 

0.60 

22 

3-4% O2 trachea. All chemorecep- 

08 

79 

41 

46 

25 

1.72 

1.64 

1.12 


tors f 










Terminal asphyxia 

96 

78 


14- 


5.60 



3 

7% Os trachea. All chemoreceptors* 

92 

162 

49 

146 

37 

1.11 

1.32 

0.34 

8 

Samet 

92 

136 

49 

113 

39 

1.20 

1.26 

0.77 

25 

100% Nt trachea. Vago-aortic 

94 

119 

54 

98 

35 

1.21 

1.54 

0.39 


nerves cutf 









37 

Same as 25 

94 

154 

39 

125 

29 

1.23 

1.34 

0.67 

38 

5.0 cc. 0.01 M NaCN-vein. Vago- 

94 

132 

37 

81 

19 

1.62 

1.95 

0.65 


aortic nerves cutf 









1 

3% Os trachea. Carotid chemore- 

72 

25 

72 

11 

47 

2.27 

1.51 

2.49 


ceptors excluded* 









3 

3% Os trachea. All chemoreceptors* 

72 

22 

86 

11 

56 

2.00 

1.53 

1.88 

6 

3% Os trachea. Vago-aortic nerves 

72 

21 

113 

15 

84 

1.40 

1.34 

1.18 


cut* 










Terminal asphyxia 


107 


8 


13.33 



4 

2% Os trachea. Carotid chemore- 

98 

150 

94 

45 

44 

3.33 

2.14 

2.04 


ceptors excluded* 









23 

2% Os trachea. All chemoreceptors* 

85 

200 

122 

100 

90 

2.00 

1.35 

2.86 


Vagi cut 









52 

2+% Os blood-isolated carotid chem- 

88 

203 

142 

169 

84 

1.20 

1.69 

0.29 


oreoeptorst 









50 

0.5 cc. .01 M NaCN-isolated carotid 

88 

198 

153 
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than the intensity of its constrictor response, e.g., upon its area or the magnitude 
of its normal blood volume flow. 

These experiments are not alone in suggesting that the reaction of the in- 
testinal arterioles in compensatory vasomotor adjustments may be moderate. 
In this connection it is pertinent to recall the experiments of Herrick, Grindlay, 
Baldes and Mann (1940) concerning the effects of muscular exercise and those of 
Rein and Rossler (1929) concerning vascular adjustments to hemorrhage. The 
former investigators found that while the vessels of the intestine in their animals 
may have constricted during exercise, the constriction was not sufficient to de- 
crease the volume flow of blood in the superior mesenteric artery in the face of 
rising arterial blood pressures. Rein and Ros.sler found, in those of their experi- 
ments which were performed at ordinary environmental temperatures, that 
hemorrhage resulted usually in a much smaller percentage reduction in blood 
volume flow in the intestine than in the extremities. 

That the relatively moderate participation of the intestinal arterioles in many 
of the chemoreflex responses was not dependent upon incapacity for more intense 
response, either on the part of the vessels themselves or of the central control 
mechanism, became apparent in a number of ways. For example, in an experi- 
ment (no. 4, table 1) in which nitrogen inhalation (carotid chemoreceptors alone) 
produced a value of 1.23 for the ratio in the intestine of blood volume flow before 
reaction/blood volume flow during reaction, the reflex vasoconstriction resulting 
from localized stretching of a small segment (1 cm.) of ileum between forceps was 
suflicient to make this ratio value 2.0. More striking, during mechanical 
asphyxia used to dispatch an animal at the end of an experiment (no. 3, table 1) 
vasoconstriction in the intestine was sufficiently intense to produce a value of 5.6 
for the ratio, whereas the value for the most intense chemoreflex reaction during 
the experiment proper was only 1.8 (3-4 per cent oxygen inhalation with all 
chemoreceptors intact). Again (expt. 6, table 1) the ratio value for 3 per cent 
oxygen inhalation was 2.27, but the value for the terminal asphyxiation was 13.3 
(flow in superior mesenteric artery decreased from 107 to 8 cc./min., perfusion 
pressure remaining constant, systemic arterial pressure falling because of cardiac 
failure). Thus the potential capacity for vasomotor response upon the part 
of the intestinal vessels and their nervous controlling mechanism is shown to be 
very great but the intensity of stimulation required to implement this capacity 
fully appears to be so high that it is brought into action only under most extreme 
conditions. 

The phenomenon of a shifting or reversing relative intensity of response of 
intestinal and limb vasculature in individual animals (last column, table 1) 
excites curiosity as to its mechanism, the more so since it probably has to do with 
prt^erties of the nervous mechanism for vasomotor control, alterations of local 
chemical and hormonal influences in the two regions concerned having been 
minimized by the experimental conditions (perfusion of limb and intestine w'ith 
normal arterial blood, thus excluding there the chemical changes brought to bear 
upon chemoreceptors and central nervous system). Rein and Rossler (1929) 
were able to reverse the relative intensities of the blood flow changes in gut and 
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in the intestine tending to be relatively more instense during stronger chemore- 
ceptor stimulation and relatively less intense during weaker chemoreceptor stimu- 
lation under otherwise comparable conditions. 

Under extreme conditions involving combined intense centrogenic and chemo- 
reflex stimulation (prolonged asphyxiation) the intestinal vascular bed was shown 
to possess a capacity for constriction several times greater than any exhibited in 
response to intense chemoreceptor stimulation alone. 

The data reflect that aspect of vasomotor response having to do with redistribu- 
tion of blood volume flow and do not inform in any quantitative sense concerning 
chemoreflex changes in capacity of the vascular system or of its parts. 
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Maintenance of a constant body temperature in a changing environment is 
effected in part by the variation in the exchange of heat between the body and its 
surroundings. This transfer of heat is determined chiefly by conduction, con- 
vection, and radiation and by the evaporation of water from the body surface. 
These processes, which depend on the temperature of the skin, are controlled 
by alterations in the peripheral circulation. Thus the distribution and exchange 
of the water of the body are influenced by variations in the temperature of the 
environment. 

Besides the more obvious changes in water metabolism (e.g., increased fluid 
intake, sweating, etc.) which occur on exposure to heat, evidence has been ob- 
tained that fluid shifts within the body may possibly play a part in the tempera- 
ture regulation. Bazett et al. (1940) have found that the circulating blood 
volume increases significantly on prolonged exposure to high temperatures. 
Such an increase of the blood volume would help to account for the increase in 
the peripheral circulation which occurs during exposure to heat. Evidence has 
also been advanced to show that alterations in the sweat mechanism appear on 
acclimatization to high temperatures (Dill et al., 1933; Winslow et al., 1938; 
Burton et al., 1940). Furthennore, it is recognized that the incidence and 
severity of edema are greater during hot weather than during cold weather. It 
is evident, therefore, that changes in the temperature of the external environment 
will be accompanied by the movement of water within the body. 

The purpose of this study was to observe the changes which take place in the 
fluid balance of normal human subjects when an alteration in the environmental 
temperature occurs, all other conditions being controlled as carefully as possible. 
The general plan of all the experiments was essentially the same; in each, two 
subjects were kept under constant observation for a period of about one week. 
During approximately one-half of this time the temperature was maintained at 
a relatively low level, and in the other half of the period the temperature was 
high. 

Procedure. Three experiments were performed on six normal, white, adult 
males, who lived in the vicinity of New York City and were engaged in sedentary 
work in the Medical School. Since the subjects were trained in investigative 
work, they were able to co-operate in making many of the observations. Physical 
examination showed them to be in good health and vdthout apparent physical 
defects. 
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Experiment 1 was a preliminary study in which the precision of control of the 
environmental temperature was somewhat less than in the subsequent experi- 
ments. The warm period, August 2 to August 9, 1940, was spent by subjects 
A and B in normal summer weather. The mean temperatures on August 8, 9, 
and 10 were, respectively, 73.6°, 76.2°, and 76.5°F. On August 8 the control diet 
was initiated, and two days later the subjects entered the constant temperature 
room where a dry bulb temperature of 60.5°F. =h2.0°F. and a wet bulb tempera- 
ture of 44.5°F. d=1.0°F. was maintained. Except for a twenty minute period 
each day, the subjects remained in this room until August 15. 

Experiment 2 with subjects C and D consisted also of a warm period followed 
by cold, and was performed during the week of December 17 to December 24, 
1940. The weather during the preceding week was cold with average maxima 
and minima of 45°F. and 33°F. Controlled diet was started on December 17, 
and the subjects entered the constant temperature room on that afternoon. The 
room was maintained at 80.2°F. it0.7°F. D.B., and 63.5°F. ±0.5°F. W.B., until 
December 21 at which time the conditions were changed to 60.0°F. zt:0.7°F. 
D.B., and 47.5°F. d:0.5°F. W.B. It required about five hours for the system 
to reach this new level which was held until the subjects were discharged on 
December 24. At no time during the experiment did the subjects leave the 
conditioned room. 

Experiment 3 with subjects E and F*extended from December 17 to December 
24, 1941, and differed from experiments 1 and 2 in that the temperature change 
occurred in the reverse order from the previous experiments, namely, from cold 
to warm. The weather temperatures during the preceding week had average 
maxima and minima of 41°F, and 30°F. Controlled diet was started on Decem- 
ber 17 and the subjects entered the room on that evening. Temperatures were 
maintained at 64.3°F. zt0.4°F. D.B., and 47.7°F. dz0.5°F. W.B., until December 
21 and on that day changed to 86.8°F. zb0.6°F. D.B., and 71.5°F. it0.5°F. W.B., 
and held for the remainder of the experiment. As in experiment 2, the subjects 
at no time left the conditioned room. The average air movement in all three 
experiments was maintained at 14 feet per minute over the center of the chamber. 
In all experiments the subjects were permitted to select clothing suitable to each 
environmental condition. 

The experiment were performed in an air-conditioned, windowless chamber 
designed for maintenance of uniform temperature, humidity and air movement 
throughout the room. The thickness of the insulation prevented fluctuations 
in wall temperature; this was of utmost importance since it ensured constant 
conditions of radiant heat exchange. Observers were able to enter and leave 
the experimental room through an insulated door without affecting the conditions 
in the room. Continuous recordings of wet and dry bulb temperatures were 
made by means of an aspirating psychrometer employing resistance thermom- 
eters sensitive to 0.1°F. A hot wire anemometer constructed by Dr. A. P. 
Gagge was used to measure the air movement. The chamber was equipped with 
a two-way speaker system for communication with an adjacent laboratory. 
Electrical measuring instruments in the chamber were wired through conduits 
to recording devices outside of the experimental room . 
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Surface temperatures of the subjects in experiments 2 and 3 were measured 
at fifteen points by means of a radiation thermopyle using the technique described 
by Hardy (1934); the mean values for the entire body surface were computed 
according to the method employed by Winslow et al. (1936) . Skin temperatures 
beneath the clothing were measured by means of a thermocouple. Rectal 
temperatures were determined by a rectal thermometer and occasionally by a 
thermocouple and potentiometer. Temperature measurements were made in 
duplicate in the late afternoon. 

The diets were prepared by the Metabolism Service of the Presbyterian Hos- 
pital. Food for each experiment was purchased at one time in order to ensure 
uniformity, and all inedible portions of the food (i.e., bones, fruit rinds, etc.) 
were removed. Each item of the diet was carefully weighed before cooking and 
the diet for each day was identical in weight and composition. The food was 
selected and prepared in order to have a low sodium chloride content (i.e., salt- 
free bread and butter). To this diet the subjects added a constant and accu- 
rately weighed quantity of sodium chloride, thereby making day-to-day variations 
in the salt intake negligible. The subjects were required to eat all their food 
and to mop their dishes with dry bread. Loss of water from the food during 


TABLE 1 


EXP. NO. 

CALOEIES 

CARBO- 

HYDRATE 

PROT. 

PAT 

Na 

Cl 

WATER 

SALT 

ADDED 

TOTAL 

SOLIDS 



gms. 

gms. 

gms. 

gms. 

gms. 

gms. 

gms. 

gms. 

1 

2125 

217 

91 

99 

0.99 

1.20 

1643 

10 

420 

2 

2453 

270 

98 

109 

1.10 

1.50 

1660 

8 

480 

3 

2502 

235 

90 

133 

0.93 

1.27 

1550 

8 

472 


cooking was calculated by reweighing the food immediately before it was eaten- 
Water was allowed ad libitum, but the quantity consumed was accurately meas- 
ured. The water produced by oxidation of the food was calculated and added 
to the water intake. Table 1 shows the composition of the diet provided in each 
of the three experiments. 

The experimental data were obtained on the basis of twenty -four hour periods, 
each period commencing at 8 a.m. Each morning at seven o’clock, before the 
subjects arose, blood samples were drawn without stasis. These blood samples 
and also the daily accumulations of urine were analyzed for chloride by the 
method of Volhard (1878) and for sodium by the method of Butler and Tuthill 
(1931), the analyses being made in duplicate. Hematocrit values were deter- 
mined daily on heparinized blood in Wintrobe tubes centrifuged at 3000 r.p.m. 
for forty-five minutes. Simultaneous determinations of plasma volume and 
“available fluid” (NaSCN) were made according to the method of Gregersen and 
Stewart (1939). The total blood volume (BV) was calculated from the plasma 
volume (PV) and the hematocrit reading (HCT) by using the relationship: 
BV = 100 PV/(100 — HCT). Insensible weight loss was measured by a Buf- 
falo beam balance sensitive to two grams. Weighings were made at half-hour 
intervals, and the weight loss computed for different periods of the day. The 
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extrarenal water loss was estimated by the procedure of Newburgh et al. (1937). 
T his consists of correcting the daily insensible weight loss for change in weight 
due to the respiratory gas exchange, the amount of correction being computed 
from the normal metabolism of the diet. Feces were weighed for each twenty- 
four hour period, but were not subjected to analysis. The basal metabolic rate 
was measured in experiment 2 by the Jones metabolism apparatus. This 
observation was made each morning before the subjects arose, and the recorded 
values are the mean of two or three tests. 

Results. Water, sodium and chloride. The details of the water balance for 
all subjects are shown in figure 1. The data on these charts were computed on a 
twenty-four hour basis beginning at 8:00 in the morning of the day indicated. 
The Caloric requirements for the experiments appear to have been underesti- 
mated, since all subjects showed a gradual loss of weight. No trend of weight 
change with rise or fall of temperature was observed. The most striking feature 
of the results summarized in figure 1 is the constancy of the extrarenal water loss 
when the environmental temperature is held constant. This means that the 
activity of the subjects was successfully maintained at a constant level through- 
out the experiments. 

The insensible weight losses, given in table 2, show no significant differences 
between morning, afternoon, and evening rates. However, at night during sleep 
the insensible weight loss was appreciably lower; for one subject (E) during the 
cold period the average value for several nights was sixteen grams per square 
meter per hour. 

The serum sodium and the serum chloride values which are given in tables 
3 to 8 show no significant variations with temperature. 

The daily renal excretion of sodium and chloride (fig. 1) was less during the 
warm periods than during the cold periods, the difference being attributed to the 
loss in the sweat. The subjects in experiment 1 showed large renal excretions of 
both sodium and chloride on the first day of exposure to cold after the warm 
period. In experiment 2 these effects are less marked. In experiment 3, where 
the temperature change is reversed, i.e., from cold to warm, there is no suggestion 
of a corresponding retention of sodium or chloride. Since no measurements were 
made of the salt lost through the skin or in the feces, it was not possible to com- 
pute accurately the relative changes in the volume of fluid available for distribu- 
tion of sodium and chloride. 

Plasma volume determinations. A graphic view of the plasma volume changes 
is given in. figure 2. In each experiment the plasma volume was measured once 
during each constant temperature period. The plasma volumes for the other 
days were calculated from the hematocrit determinations. Both computations 
were employed for the last day of each experiment, and the agreement between 
them indicates the validity of the interpolated values. Experiment 1 was per- 
formed in the sumimer, and on exposure to cold both subjects showed a prompt 
rise in the hemato<ait reading, suggesting a decreased plasma volume. How- 
ever, three days l^ter, when the plasma volume was again measured, the value for 
subject A wws only 8 per cent below the control level and the value for B only 
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Fig. 1. Showing the daily weight change, water intake, renal and 
and the intake and renal excretion of sodium and chloride. The daily weig 
and the water balance are plotted on the same scale to permit direct comparison. 
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7 per cent below this level. These results suggest that exposure to cold is as- 
sociated with a temporary reduction in plasma volume followed by a gradual 
return toward the control over a period of a few days. 

TABLE 2 

Insensible weight losses 

The numbers are the average weight loss in grams per square meter per hour for the 
corresponding hours of three days during each environmental temperature condition. 


SUBJECT 

ENVIEONICENT 

MORNING 

AFTERNOON 

EVENING 

OVERNIGHT 

A 

warm 

49 

88 

30 

34 


cold 

24 

25 

22 

18 

B 

warm 

33 

27 




cold 

31 

24 

31 

22 

C 

warm 

49 

47 

48 

36 


cold 

26 

24 

26 

22 

D 

warm 

37 

47 

39 

32 


cold 

30 

21 

23 

18 

E 

cold 

21 

,23 

20 

16 


warm 

55 

64 

63 

44 

F 

cold 

21 

23 

26 

20 


warm 

62 

68 

84 

40 



Fig. 2. Illustrating the plasma volume changes occurring with variations in the environ- 
mental temperature. The circles represent the plasma volumes measured directly by 
T-1824; the crosses show the plasma volumes otwnputed from the first dye measurement 
by using the hematocrit value and assuming a constant total cell volume. The comparison 
of the two values on the last day of each experiment indicates the validity of the inter- 
polation. 
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llxperiment 2 was performed in the winter. During the initial warm period 
both subjects showed a decreasing hematocrit indicative of an increasing plasma 
volume. On exposure to cold the hematocrit values increased suggesting a de- 
creasing plasma volume. As in experiment 1 after several days’ exposure to cold 
the plasma volume showed a tendency to return toward the control level. The 
plasma volumes measured after three days’ exposure to the cold were for sub- 
jects C and D, respectively, 3 and 4 per cent below the control level. 

The most marked plasma volume changes were observed in experiment 3. 
This experiment was performed in the winter and consisted of a cold period fol- 


TABLE 3 


Experiment 1, Subject A, male, 25 years, single, laboratory worker. Height 176 cm.. 


AUGUST 1940 


Morning nude weight 7th — | 

60662 (grams) 

Water intake (cc.) 

Renal excretion of water 

(cc.) 

Extrarenal water loss (cc.) 
Renal excretion of sodium 

(meq.) ; • • 

Renal excretion of chloride 

(meq.). • • • 

Serum sodium (meq. /liter) . 
Serum chloride (meq./ 

liter) 

Plasma protein (gm. %) • . . 

Hematocrit (%) 

Plasma volume (cc.) 

Blood volume (cc.) 

Available fluid (NaSCN) 
(cc.) 


WARM PERIOD 


COLD PERIOD 


8th 

9th 

loth 

nth 

12th 

13th 

14 th 

60684 

60250 

59453 

59907 

59880 

59910 

59735* 

2907 

2607 

1907 

2107 

1907 

1907 

2107* 

700 

810 

1045 

1000 

1030 

990 

1310* 

2145 

2050 

1421 

688 

709 

749 

722* 

155 

203 

296 

194 

202 

177 

174* 

172 

202 

146 

104 

7.00 

46.0 

3130 

5790 

1 15050 

266 

143 

104 

48.8 

222 

145 

102 

49.1 

210 

221 

142 

99 

50.6 

189* 

143t 

102t 
7.20t 
49. Of 
2880t 
5650t 

14700t 


jT UiiC A/TC iJiv/vn. o 

t For a fasting state in the morning. 


lowed by a warm period. At the end of the warm period both subjects showed 
large increases in plasma volume. For subject E the increase was 29 per cent 
and for subject F it was 15 per cent above the control value. Ihe trend of the 
hematocrit values suggests that the plasma volumes were still increasing at the 

time of the conclusion of this study. „ 

Available fluid. Determination of the volume of fluid available for the dilution 
of sodium thiocyanate was made once on each subject in each constant tempera- 
ture period. These measurements are recorded in tables 3 to 8. Experiments 
1 and 2, involving environmental changes from warm to cold, demonstrate for 
subjects’ A, B, C and D respectively reductions in the available fluid volume of 2, 
1 14 and 6 per cent. Experiment 3, in which the environment changes from cold 
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to warai, shows for subject E an increase in available fluid volume of per cent 
and for subject F no change at all. Since the experimental error in this method 
may be as large as 3 per cent, only the changes found for subjects C and D can 
be considered significant. From these measurements, therefore, there is no indi- 
cation that the volume of the extracellular fluid compartment is regularly affected 
to any marked extent by variationsin the environmental temperature. 

Temperature measurements. Rectal temperatures remained relatively constant 
throughout all the experiments and showed no trend with changing environment. 
Skin and surface temperatures (tables 5 to 8) demonstrated striking differences 


TABLE 4 

Experiment 1, Subject B, male, 24 years, married, laboratory technician. Height 183 
cm.. Surface area 1 .87 sq. m. Daily intake — sodium 214 meq., chloride 205 meq. 


AUGUST 1940 

WARM PERIOD 

COU) PERIOD 

8th 

9th 

10th 

nth 

12th 

13th 

14th 

Morning nude weight 7th — 








66510 (grams) 

66150 

65950 

64870 

65200 

65120 

65080 

65180* 

Water intake (cc.) 



2090 

2650 

2700 

2510 

2300* 

Renal excretion of water 



(cc.) 



1555 

1490 

1480 

1230 

835* 

Extrarenal water loss (cc.) . 



1630 

820 

1270 

1250 

960* 

Renal excretion of sodium 








(meq.) 



320 

181 


176 

166* 

Renal excretion of chloride 








(meq.) 



291 

187 


177 

167* 

Serum sodium (meq. /liter) . 


145 

142 

144 


140 

143t 

Serum chloride (meq. /liter). 


101 

101 

100 


98 

loot 

Plasma protein (gm. %) 


6.60 





6.83t 

Hematocrit (%) 


44.0 

47.9 

46.3 


48.0 

44. 9t 

Plasma volume (cc.) 


3290 





3060t 

Blood volume (cc.) 


5870 





5560t 

Available fluid (NaSCN) 








(cc.) 


17000 





16870t 


* For the 24 hour period ending at 8 a. m. on the date given, 
t For a fasting state in the morning. 


reflecting the variations in the temperature of the environment. The change in 
the skin temperature appeared to be complete within the twenty-four hour period 
following the change in the environment, and there was no evidence of more 
gradual variations which might be associated with the process of acclimatization. 

The basal metabolic rate, determined daily for the subjects in experiment 2, 
demonstrated no significant alteration with the changing environment. The 
metabolism in calories per square meter per hour is recorded in tables 5 and 6. 

Discitssion. The effects of the environmental temperature on the specific 
phases of the water balance mechanism, such as the fluid and electrolyte loss by 
sweating and the variation in the circulating blood volume, have been studied by 
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numerous investigators. The present work represents an investigation of the 
water balance under conditions more carefully controlled than have been previ- 
ously attempted. Since ambient air temperature is only one of the factors in- 
fluencing the channels through which heat is lost from the body, we considered 
it imperative to maintain constancy of the wall temperature, the relative humid- 
ity, and the air movement. It should be noted that the rather confining con- 
ditions of the experiment permitted the subjects only a small, but quite constant, 

TABLE 5 


Experiment 2, Subject C, male, 31 years, married, graduate student. Height 183 
cm., Surface area 2.02 sq. m. Daily intake — sodium 185 meq., chloride 179 meq. 


DECEMBER 1940 

WARJil PERIOD 

COLD PERIOD 

19th 

20th 

2l8t 

22nd 

23rd 

24th 

Morning nude weight 18th — 







80182 (grams) 

80150 

80279 

80093 

79830 

79445 

79360* 

Water intake (cc.) 

3348 

3296 

3554 

2595 

2169 

2519‘ 

Renal excretion of water (cc.). 

1357 

1162 

1425 

1900 

1465 

1476* 

Extrarenal water loss (cc.) — 

1980 

1987 

2204 

851 

1056 

1080* 

Renal excretion of sodium 







(meq.) 

143 

123 

163 

197 

176 

189* 

Renal excretion of chloride 







(meq.) 

162 

128 

164 

195 

189 

203* 

Serum sodium (meq. /liter) . . . . 

142 

148 

146 

147 

147 

146t 

Serum chloride (meq. /liter) . . . 

104 

103 

106 

102 

103 

103t 

Plasma protein (gm. %) 


6.35 




6.60t 

Hematocrit (%) 

44.4 

44.3 

43.2 

44.2 

44.6 

44. 9t 

Plasma volume (cc.) 


3660 




3540t 

Blood volume (cc.) 


6570 




6440t 

Available fluid (NaSCN) (cc.). 


23600 




20400t 

Cal/hr. (m2) 

34.7 

35.9 

37.0 

34.7 

38.2 

35. 9t 

Mean skin temp. (°F.) 

93.9 

92.9 

94.3 

87.3 

86.2 

86. 3t 

Mean surface temp. (®F.) 

89.1 

89.6 

89.4 

77.9 

j 72.5 

74.9t 


* For the 24 hour period ending at 8 a.m. on the date given, 
t For a fasting state in the morning, 
t Late afternoon. 


amount of physical activity, thereby maintaining for them a fairly constant daily 
metabolism. 

Diuresis on exposure to cold has been noted by many observers, and this in- 
creased renal function has been considered indicative of the loss of body fluid 
(Burton et al., 1940). In all the experiments reported here a diuresis on 
exposure to cold was noted. This increased water loss may be a compensatory 
mechanism because, on exposure to cold, while the water loss in the sweat has 
been reduced the water intake in the diet may not have been sufficiently re- 
stricted. The measurement of the extracellular fluid space by the use of sodium 


TABLE 6 

Experiment 2, Subject D, male 22 years, single, medical student. Height 190 cm.. 
Surface area 1.92 sq. m. Daily intake— sodium 186 meg., chloride 179 meq. 



WAKM PERIOD 


COLD PESIOD 



19th 

20th 

21st 

22nd 

23rd 

24th 

Morning nude weight 18th — 
66274 (grams).... - 

66126 

66528 

66114 

66066 

66960 

66726* 

Water intake (cc.) 

3030 

3002 

2972 

2520 

2125 

2550* 

Renal excretion of water (cc.) . . 

1280 

938 

1220 

1600 

1515 

1717* 

Extrarenal water loss (cc.). . . . 

1805 

1566 

2023 

810 

635 

942* 

Renal excretion of sodium 
(meq.) 

164 

115 

182 

198 

168 

189* 

Renal excretion of chloride 
(meq.) 

175 

126 

176 

208 

179 

189* 

Serum sodium (meq. /liter) .... 

145 

150 

147 

145 

144 

147t 

Serum chloride (meq./liter) . . . 

105 

102 

103 

101 

101 

103t 

Plasma protein (gm. %) 

Hematocrit (%) 

47.5 

6.25 

47.2 

46.3 

48.2 

49.4 

6.35t 
47. 5t 

Plasma volume (cc.) 

Blood volume (cc.) 

Available fluid (NaSCN) (cc.)- 
Cal/hr. (m*) 

32.6 

3050 

5770 

19700 

33.5 

31.4 

31.7 

30.1 

2940t 

5600t 

18500t 

32.lt 

Mean skin temp. (®F.) 

93.6 

92.5 

93.2 

88.1 

85.1 

87. 5t 

Mean surface temp. (°F.) 

87.9 

89.5 

89.8 

75.8 

74.1 

74. 7i 


* For the 24 hour period ending at 8 a.m. on the date given, 
t For a fasting state in the morning, 
t Late afternoon. 


TABLE 7 

Experiment 3, Subject E, male, 21 years, single, medical student. Height 185 cm., 
Surface area 2.03 sq. m. Daily intake— sodium 177 meq., chloride 173 meq. 


DECEMBER 1941 

COLD PERIOD 


WARM PERIOD 


19th 

20th 

21st 

22nd 

23rd 

24th 

Morning nude weight 18th— 
79290 (grams) 

78479 

78419 

78355 

77848 

77768 

77979* 

Water intake (cc.) 

1922 

1871 

2663 

3024 

3365 

3664* 

Renal excretion of water (cc.). 

1658 

880 

1610 

795 

720 

690* 

Extrarenal water loss (cc.) — 

974 

962 

1020 

2714 

2679 

2726* 

Renal excretion of sodium 
(meq.) 

202 

120 

148 

128 

106 

105* 

Renal excretion of chloride 
(meq.) 

195 

120 

163 

111 

107 

97* 

Serum sodium (meq./liter) .... 

142 

143 

138 

141 

141 

144t 

Serum chloride (meq./liter) . . . 

96 

100 

100 

99 

99 

l03t 

Hematocrit (%) 

54.4 

51.3 

50.6 

49.6 

48.7 

45. 8t 
4170t 
7720t 
18450t 
99.8t 

Plasma volume (cc.) 

Blood volume (cc.) 

Available fluid (NaSCN) (cc.). 
Rectal temp. (®F.) 

99.2 

3230 

6630 

18000 

99.2 

100.0 


99.6 

Mean skin temp. (°F.) 

Mean surface temp. (®F.) 

81.6 

76.7 

85.8 

76.9 

77.2 

92.5 

94.0 

91.6 

93. 9t 
93.9t 


* For the 24 hour period ending at 8 a.m. on the date given, 
t For a fasting state in the morning. 

X Late afternoon. 
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thiocyanate has provided no definite evidence of any appreciable decrease in this 
compartment on exposure to cold. 

Under the conditions of these experiments the subjects’ extrarenal water loss 
was quite constant from day to day in each constant temperature period. On 
changing the environmental temperature an immediate and pronounced change in 
the rate of extrarenal water loss was observed. This change in the extrarenal 
water loss appeared to be completed almost immediately, so that during the short 
period of time occupied by these experiments there was no evidence of a gradual 
acclimatization. These results differ somewhat from the findings of Burton et 

TABLE 8 


Experiment 3, Subject F, male, 22 years, single, medical student. Height 177 cm.. 
Surface area 2.01 sq. m. Daily intake — sodium 177 meq., chloride 173 meq. 


DECEMBER 1941 

COLD PERIOD 

WARM PERIOD 

19th 

20th 

21st 

22nd 

23rd 

24 th 

Morning nude weight 18th — 







83051 (grams) 

83003 

I 82600 

82228 

82163 

82215 

82246* 

Water intake (cc.) 

2138 

1848 1 

2670 

3445 

3480 

3498* 

Renal excretion of water (cc.) 

1240 

1250 1 

1827 

717 

530 

535* 

Extrarenal water loss (cc.) — 

929 

974 

1077 

2719 

2884 

2781* 

Renal excretion of sodium 





. 


(meq.) 

161 

170 

166 

89 

49 

55* 

Renal excretion of chloride 







(meq.) 

167 

169 

157 

90 

60 

66* 

Serum sodium (meq. /liter) . . . . 

140 

145 

141 

140 

139 

142t 

Serum chloride (meq. /liter) . . . 

101 

105 

103 

101 

101 

103t 

Hematocrit (%) 

46,9 

47.6 

47.7 

46.4 

45.2 

43. Of 

Plasma volume (cc.) 


3315 




3800t 

Blood volume (cc.) 


6330 




6670t 

Available fluid (NaSCN) (cc.) 


18725 1 




18725t 

Rectal temp. (°F.) 

99.0 

98.6 1 

99.3 


99.8 

100. ot 

Mean skin temp. (°F.) 


85.2 



93.5 

93.lt 

Mean surface temp. (°F.) 

77.1 

75.6 

77.1 

92.2 

91.7 

92. 8t 


For the 24 hour period ending at 8 a.m. on the date given, 
t For a fasting state in the morning, 
t Late afternoon. 


al. (1940), who noted a supernormal evaporative loss on the first day of exposure 
to cold with subnormal values appearing a few’^ days later. 

The large increases in the plasma volume (15 and 29 per cent) observed in 
subjects E and F on exposure to heat are of the same order of magnitude as those 
found by other investigators (Bazett et al., 1940; Maxfield et al., 1941). The 
decreases in plasma volume of 3, 4, 7, and 8 per cent as measured after three 
days’ exposure to cold are in general smaller than the changes, 2, 12, 13, 22, and 
32 per cent, observed by Bazett et al. under similar conditions. In the present 
experiments the plasma volume appeared initially to have decreased on exposure 
to cold to the extent observed by Bazett, but, when measured on the third day 
of cold, it had returned tow^ard the control value. 
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SUMMARY 

1. The effect of changes in the external temperature on the fluid and electrolyte 
balance has been studied on six normal male subjects under carefully controlled 
dietary and environmental conditions. 

2. The extrarenal water loss was quite constant during any period of uniform 
temperature. Upon change of the environmental temperature, the extrarenal 
water loss and the skin temperature quickly attained new levels. There was no 
evidence of slow acclimatization. 

3. The renal excretion of sodium and chloride appeared to reflect the dif- 
ference between the intake of these substances and the quantities lost in the 
sweat. 

4. A pronounced and prolonged increase in plasma volume was found on ex- 
posure to heat. On exposure to cold the plasma volume was reduced but tended 
to return toward normal within a few days. 
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The demonstration that boron is an essential element in the nutrition of plants 
and the accumulation of data showing its occurrence in animal tissues have 
served as stimuli for investigations to ascertain whether this element is essential 
in the metabolism of animals. Boron is held so tenaciously by those materials 
ordinarily used in compounding synthetic rations that investigators (1~3) have 
had to rely upon rations containing appreciable amounts of the element. Lack 
of agreement among the reports regarding response to boron supplementation 
is therefore not surprising. 

That the requirements of the animal body for a given element may be markedly 
influenced by the concentration of one or more additional elements in the ration 
is well illustrated by the necessity for a proper ratio between calcium and phos- 
phorus in the diet. Such interrelationships in the plant kingdom between boron 
and other elements are well known. Boron deficiency in alfalfa, for example, 
is most likely to appear on soils which have been limed to an excess. Reeve and 
Shive (4, 5) in their study of the influence of potassium upon boron metabolism 
in plants observed that boron was absorbed poorly from media in which the con- 
centration of potassium was quite low. If boron is an essential element in the 
metabolism of animals, one may reasonably assume that in animals, as in 
plants, its functions are interrelated with those of other elements. Furthermore, 
development of symptoms of boron deficiency should be facilitated by feeding 
rations of such composition that the body would be unable to maintain these 
important interrelationships. Using a basal ration of low potassium content 
we have obtained data which indicate that boron, at least under these condi- 
tions, plays a r61e in animal nutrition although there was no evidence of an 
interrelationship between these two elements in the animal body. 

Procedure. Animals with limited stores of boron were prepared by placing 
stock colony rats with their litters, when the latter were two weeks of age, in 
cages provided with wire false bottoms and feeding them a diet of whole milk 
until the young weighed 40 to 50 grams. The litters were then divided so as 
to provide a litter mate control of the same sex and approximately the same 
weight for each animal receiving a boron supplement. The rats were housed in 
individual wire cages. 

^ The investigation reported in this paper is in connection with a project of the Kentucky 
Agricultural Experiment Station and is published by permission of the Director . A pre- 
liminary report was made before the Agricultural and Food Division of the American 
Chemical Society at its 107th meeting. 
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.The basal ration, which contained 0.46 p.p.m. of boron and 51 p.p.m, of potas- 
sium, had the following percentage composition: crude casein, 18; sucrose, 75.7; 
salts,* 5 ; fortified com oil,* 1 ; and a mixture^ of B vitamins, 0,3. Boron additions 
were made by mixing weighed amounts of either boric acid or borax with por- 
tions of the basal ration. Dipotassium phosphate was incorporated in the same 
way when adding a potassium supplement. The rations were fed ad libitum. 

The greater number of the animals used in the study were fed their respective 
rations until death resulted from potassium deficiency. Others, after differing 
lengths of time on the rations, were killed and analyzed for liver glycogen and 
body fat. The method of Good, Cramer, and Somogyi (6) was used for liver 
glycogen, and body fat was determined by ether extraction of the eviscerated 
and dried carcasses. In order to ascertain the extent to which boron intake 
influenced storage of the element, about half of the ether-extracted samples 
were analyzed for this element by the Berger and Truog procedure (7). 

Results. It should be mentioned at the outset that very little growth was 
possible on rations containing such low concentrations of potassium. Animals 
weighing initially 45 grams seldom exceeded 55 grams in weight. On the other 
hand there was no appreciable loss of weight. In fact, because of accumulation 
of fluid in the intestinal tract, the animals usually weighed a few grams more at 
death than when placed on the experimental ration. 

The survival periods of a total of 54 pairs of rats under seven sets of conditions 
as regards supplementation of the basal ration are recorded in figure 1 and a 
summary thereof is presented in table 1. 

Boric acid was used as a boron supplement for groups I-IV, borax for groups 
V-VII. For a given pair of animals the difference in survival periods was con- 
sidered to be significant only when one exceeded the other by as much as 10 per 
cent. It will be noted in table 1 that boron exerted a beneficial effect upon six 
of the seven groups of rats. In two of the groups — II and VI — ^no control ani- 
mal lived significantly longer than its high-boron mate. Although 1,000 p.p.m. 
of boron in the form of borax was without apparent effect in group V, in the pre- 
liminary investigations previously reported five of the six animals receiving this 
supplement responded favorably. Considering the data for all groups, there 
were 33 instances in which survival periods of the boron-fed animals exceeded 
those of the respective controls by as much as 10 per cent, whereas in 8 instances 
they were appreciably shorter. In thirteen pairs the mates survived approxi- 
mately the same number of days. In order to terminate the experiment the fol- 
lowing high-boron animals were discarded after the time intervals indicated on 
the chart: 8 of group IV, 9 of group VI, and 6 and 7 of group VII. 

* The salt mixture was that of Phillips and Hart, J. Biol. Chem. 109 : 657, 1936, except 
that the concentrations of copper and manganese were doubled and dipotassium phosphate 
was replaced with an equal weight of monosodium phosphate. 

* Carotene, 0.133 gram; viosterol, 1 gram; alpha-tocopherol, 0.4 gram; 2-methyl-l,4- 
naphthoquinone , 10 mgm . ; corn oil , 100 grams . 

* Thiamine hydrochloride, 20 mgm.; pyridoxine hydrochloride, 20 mgm.; riboflavin, 60 
mgm.; calcium pantothenate, G.l gram; nicotinic acid, 6 grams; p-aminobenzoic acid, 6 
grams; inositol , 10 grams ; choline chloride , 10 grams. 
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That there was a noticeable effect of boron upon survival by the twenty-fifth 
day and a pronounced effect after the thirtieth day is evident upon comparison 
of the values in the lower half of table 1. Nineteen controls as compared with 12 
high-boron rats were dead on or before the twenty-fifth day. At the other ex- 
treme only one control survived as long as 60 days as compared with 9 in the 
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Fig. 1. Effect of boron intake upon survival on low-potassium rations. The basal diet, 
containing 0.45 p.p.m. boron and 51 p.p.m. potassium, was supplemented as follows : 

Group I Control, none; high-boron, 100 p.p.m. B as boric acid. 

Group II Control, none ; high-boron, 500 p.p.m. B as boric acid. 

Group III Control, none; high-boron, 250 p.p.m. B as boric acid. 

Group IV Control, none ; high-boron, 1000 p.p.m. B as boric acid. 

Group V Control, none; high -boron, 1000 p.p.m. B as borax. 

Group VI Control, 100 p.p.m. K; high-boron, 100 p.p.m. K and 1000 p.p.m. B as borax. 
Group VII Control, 250 p.p.m. K; high-boron, 250 p.p.m. K and 1000 p.p.m. B as borax. 


boron groups. Furthermore, 6 high-boron animals, representing 11 per cent of 
the total number, were living after all of the 54 control animals had died. 

Since supplementation of low-potassium rations with boron, although failing 
to promote growth, enabled rats to survive for longer periods, it appeared prob- 
able that the element exerted an influence upon either storage of energy-yielding 
reserves or the reactions by which energy was released from these reserves. For 
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this reason the investigation was extended to determination of blood sugar, liver 
glycogen and body fat after the animals had been on the variously supplemented 
rations for differing lengths of time. Since analysis of blood for sugar content 
was discontinued early in the investigation when preliminary analyses failed to 
show any correlation between this body constituent and boron intake, no data 
for blood sugar are recorded. In column 6 of table 2 it will be noted that the con- 
centration of liver glycogen in the boron-fed rats exceeded that of the controls at 
3 and 14 days and in 5 of the 7 groups analyzed at 21 days. The highest value, 
6.70 per cent, was obtained in the boron animals of group VII. Moreover, in 
column 5 all of the values above 6 per cent were found in livers of boron animals. 
The concentration of liver glycogen at 21 days averaged 3.11 per cent for controls 

TABLE 1 


Summary of data presented in figure 1 



CONTROL i 

1 

HZOH-B 

Number living significantly longer than pair mates 

Group I 

1 

2 

Group II 

0 < 

9 

Group III 

2 

7 

Group IV 

1 

i” 

Group V 

2 

2 

Group VI 

0 

5 

Group VII 

2 

4 




Total 

8 

33 


Number of animals employed 

54 

54 

Number dead on or before 25th day 

19 

12 

Number surviving 30 or more days 

25 

33 

Number surviving 40 or more days 

13 

21 

Number surviving 50 or more days 

4 

12 

Number surviving 60 or more days 

1 

9 

Number surviving 70 or more days 

1 

7 

Number surviving 80 or more days 

0 

6 


as compared with 4.57 for the animals receiving the two boron supplements. 
Hence the livers of boron-fed rats contained on the average 47 per cent more 
glycogen than their control mates. 

Since there had been no attempt previously to control the intake of ration 
before the rats were killed for analysis, it was deemed advisable to analyze 
livers of rats which had been fasted and then given known amounts of sugar. 
In order to grow the animals to a size such that they could take the stomach 
tube which was available for use, a suboptimal amount of potassium, 750 p.p.m., 
was added to the basal ration of eight low-boron rats for approximately six weeks. 
They were then fasted for 24 hours, after which they were given by stomach tube 
2 cc. of solution containing 0.5 gram of picose. The solution given four of the 
rats contained in addition to the sugar 500 p.p.m. of boron as boric acid. Two 
hours after administration of the sugar solution the animals were killed and liver 
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glycogen was determined. Eighteen per cent more glycogen was found in the 
livers of rats receiving the boron-glucose solution than in those receiving only 
glucose, the amounts averaging 48.5 and 41.2 mgm., respectively. The concen- 
trations in the livers of the two groups as named were 1.65 and 1.36 per cent. 

TABLE 2 


Influence of boron intake upon concentration of liver glycogen, body fat and boron in rata* 
fed a ration deficient in potassium 


GROUP 

BUPPI^EMENTS 

DAYS ON 
RATION 

LIVER GLYCOGEN 

(wet basis) 

BODY PAT 

(dry basis) 

body boron 
(dry basis) 

Potassium 

Boron t 


P.PM. 

p.p.tn. 


per cent 

per cent 

p.p.tn. 

A 

0 

0 

3 

4.28 

31.7 



0 

1,000 

3 

5.41 

28.4 


B 

0 

0 

7 

4.85 

22.7 


0 

1,000 

7 

4.70 

22.1 


C 

0 

0 

10 

4.97 

11.8 



0 

1,000 

10 

4.67 

15.0 


D 

0 

0 

14 

2.97 

11.1 


0 

1,000 

14 

4.39 

15.5 


I 

0 

0 

21 

4.33 

7.6 

1.17 


0 

100 

21 

5.84 

7.4 

6.94 

II 

0 

0 

21 

3.68 

8.5 

0.91 

0 

500 

21 

5.22 

9.9 

21.04 

III 

0 

0 

21 

2.61 

7.0 

1.16 

0 

250 

21 

3.83 

8.2 

8.95 

IV 

0 

0 

21 

1.13 

7.7 


0 

1,000 

21 

4.34 

10.5 


V 

0 

0 

21 

3.25 

9.3 

1.59 

0 

1,000 

21 

3.56 

10.6 

26.86 

VI 

100 

0 

21 

2.71 

10.5 


100 

1,000 

21 

2.48 

9.3 


VII 

250 

0 

21 

4.08 

9.2 

1.27 

250 

1,000 

21 

6.70 

9.0 

38.20 


* Each analysis represents the average of three animals, 
t Boric acid was used in groups A to IV and borax in groups V, VI and VII. 


That the experimental animals quickly lost the larger part of their storage 
fat when placed on the low-potassium ration is shown by inspection of column VI 
of table 2. Whereas litter mates of the experimental animals when we^ed con- 
tained 36 per cent body fat, the low-boron animals in this column contained 31.7, 
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22.7, 11.8 and 11.1 per cent fat after 3, 7, 10 and 14 days, respectively, on the 
basal ration. Of the seven groups analyzed after 21 days on the low-potassium 
rations there were four — groups II, III, IV and V — ^in which boron supplementa- 
tion favored maintenance of stores of body fat whereas in only one instance — 
group VI — did the boron-fed rats contain appreciably less fat than their control 
mates. For the seven groups analyzed at 21 days the low-boron animals aver- 
aged 8.5 per cent fat as compared with 9.3 per cent for the high-boron mates. 

Boron analyses for some of the animals are recorded in column VII merely to 
indicate the concentrations which resulted from feeding boron at the widely 
differing levels of intake. In the low-boron animals the concentration of this 
element ranged from 0.91 to 1.59 p.p.m. with an average of 1.22 p.p.m. In the 
groups fed boric acid supplements at boron concentrations of 100, 250 and 500 
p.p.m. of ration for 21 days the respective concentrations of the element in the 
carcasses were 6.94, 8.95 and 21.04 p.p.m. The highest concentration, 38.20 
p.p.m., was found in those rats which in addition to being given 1000 p.p.m. of 
boron were also given a small supplement of potassium. 

Since responses to boric acid and borax supplements were so much alike as 
regards concentration of liver glycogen and body fat, the effects exerted by 
these two compounds apparently were due to the boron contained therein. 
Probably the increase in survival periods observed when the low-potassium ra- 
tion was supplemented with boron compounds was due to the effect of boron 
upon maintenance of these energy-reserves in the body. It appears likely that 
boron is able to substitute in a limited way for potassium in certain r61es which 
the latter element performs in the body, perhaps in connection with certain 
enzyme systems. That absorption of boron was not impaired appreciably by 
lack of adequate potassium in the diet is indicated by the fact that the control 
animals in groups I, II, III and V, which received no potassium supplements, 
contained an average of 1.22 p.p.m. of boron as compared with 1.27 in the control 
animals of group VII for which the potassium supplement, 250 p.p.m., increased 
the intake of this element five-fold. 

SUMMARY 

Rats consuming low-potassium rations supplemented with either boric acid or 
borax survived longer than pair mates which received no boron. 

After 21 days on the low-potassium rations rats fed boron supplements con- 
tained in their livers 47 per cent more glycogen than those receiving no additional 
boron. 

Maintenance of stores of body fat was favored by liberal supplementation of 
the low-potassium rations with boron compounds. 
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There is considerable evidence that anoxia is capable of influencing absorption 
from the small intestine (1). Its effect on the rate of absorption may differ not 
only for different substances, but with varying degrees of anoxia as well. It was 
shown, for example, by Northup and Van Liere (2) that in dogs subjected to 
moderately severe degrees of anoxia (partial pressures of oxygen down to 63 mm. 
Hg) the absorption of glycine and of glucose was practically unchanged (from 
normal). At more severe degrees of anoxia (partial pressure of oxygen of 53 
mm. Hg), however, the rate of absorption of glycine was significantly depressed 
whereas glucose tended to be absorbed more rapidly. 

Although direct studies on the effect of anoxia on the absorption of fat have 
not been reported, as far as the author is aware, some work has been earned out 
on the effect of reduced atmospheric pressure on the level of the blood lipids. 
Stamp (3) reported that prolonged exposure to reduced atmospheric pressure 
produced a marked lipemia in rabbits. MacLachlan (4) found that short 
periods of reduced atmospheric pressure had no effect on the blood plasma lipids 
of cats or dogs either in the fasting state or during active absorption of fat from 
the intestine. Rabbits, on the other hand, showed a definite lowering of the 
lipid content of the plasma, due mainly to a decrease in the neutral fat fraction. 
Sundstroem and Bloor (5) state that a decrease in the lipid phosphoms of the 
plasma is a characteristic feature of short exposure to low atmospheric pr^ure. 

The rate of absorption of fat from the alimentary tract as measured indirectly 
by following the changes in the level of the blood lipids is, of course, influenced 
by factors other than the actual absorption of fat from the intestinal tract as, for 
example, the rate of metabolism, deposition of fat in the tissues, and mobilization 
of fat from the tissues. Obviously, the direct measurement of the rate of fat 
absorption by determining the amount of fat remaining in the alirnentary tract 
at intervals after feeding fat is preferable. In the present investigation the direct 
method was employed to determine the effect of anoxia on the absorption of fat 
in rats. 

Experimental. The technique developed by Irwin and co-workers (6) for 
determining the rate of absorption of fat was followed. In applying this tech- 
nique certain modifications were made which are described in detail. Adult 
albino rats of both sexes, weighing between 150 and 350 grams, were fasted 48 
hours and given 1.6 cc. of com oil (1.385 ± 0.01 gram) by stomach tube under 
light ether anesth^. After fully recovering consciousness (1-2 inin.) the ex- 
perimental rats were placed in a steel respiratory chamber, described by Van 
Liere (7), and subjected to the following partial pressures of oxygen: 117, 80, 
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63, and 63 mm. Hg (corresponding approximately to altitudes of 8,000, 18,000, 
24,000, and 28,000 ft., respectively). Simultaneously fed controls were kept at 
atmospheric pressure. Four hours after feeding, the amount of unabsorbed fat 
in the stomach, small intestine and cecum was quantitatively determined and 
the value used to calculate the per cent absorbed, correction being made for the 
fat present in the fasted gut. 

Manual stripping of the intestine to remove the last vestige of fat, as described 
in the technique of Irwin et al. (6), proved diflB.cult owing to the ease with which 
the gut would break, especially the upper portion. Moreover, care had to be 
exercised to prevent fatty tissue which adhered to the outer surface of the in- 
testine from rubbing off. These difficulties were satisfactorily solved by the fol- 
lowing procedure. The strip of intestine was placed at full length on an elevated 
plate-glass platform so that one end of the gut hung over the edge of the plate- 
glass into the mouth of a 125 cc. Erlenmeyer flask fitted with a small funnel. 
Keeping the other end of the strip of intestine closed, the contents could be 
quickly and completely evacuated into the flask by compressing the full length 
of intestine by the use of a sponge rubber roller (about 2.5 in. in diameter). 

Extraction of the fat from the gastrointestinal contents was carried out in the 
125 cc. Erlenmeyer flask, equipped with a ground glass stopper. The combined 
contents of the stomach, small intestine and cecum, together with the collected 
washings with water and petroleum ether, were heated on the steam bath for 
several minutes and the warm petroleum ether layer carefully decanted into a 50 
cc. centrifuge tube. The extraction was repeated three times with 10 to 15 cc. 
portions of petroleum ether, the contents being shaken vigorously each time be- 
fore heating on the steam bath. (Caution must be exercised in removing the 
stopper from the extraction flask after shaking the warm contents with petroleum 
ether due to the internal pressure which develops. A small amount of petroleum 
ether applied to the outer surface of the flask quickly reduces the pressure.) 
The combined petroleum ether extracts were centrifuged to remove any sedi- 
ment and quantitatively transferred to a tared 125 cc. Erlenmeyer flask. The 
solvent was removed by evaporation on the steam bath, the last traces being 
blown out with a gentle current of nitrogen. The flask was then allowed to 
stand overnight in a vacuum desiccator with the pressure lowered to 80 mm. 
Hg, in an oven at 70°C. After cooling in the desiccator the flask was weighed. 

To test the accuracy of this technique 10 rats were fasted 48 hours and fed 1.6 
cc. of com' oil, killed immediately, and the fat recovered from the alimentary 
tract by the method described. The mean percentage recovery was 96.3 (range 
94.5 to 98). 

In calculating the per cent of fat absorbed it was necessary to correct for the 
fat present in the intestinal tract after the 48 hour fast. Eight rats were, there- 
fore, fasted, killed and the fat recovered by the method described above. The 
mean weight of fat obtained was 0.0267 gram. This approximates closely the 
value (0.0222 gram) obtained by Irwin and co-workers (6) for rats. 

Results and discussion. In table IlTre givm the data on the amount of fat 
absorbed by rats four hours after the administration of 1.5 cc. of com oil (1.386 =b 
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0.01 gram). In all 74 animals were used. At first glance it might appear that 
the range (39.6 to 57.1) in the per cent absorption of fat for the control animals is 
large. However, as pointed out by Irwin and associates (6), such variations are 
usually encountered in experiments on absorption of fat, although the extreme 
values seldom fall outside the range of M ± 10 to 12. These variations are 
attributable in part to innate differences in the ability of the animals to absorb 
fat, as well as to possible differences in the physiological condition of the rats 
referable to the time at which the experiments were conducted. Accordingly it 
was considered advisable to confine comparisons to experiments carried out at 
the same time on experimental and control animals. 

No correlation was apparent between the sex or body weight of the rats and 
the amount of fat absorbed. This is in agreement with the observations of 

Irwin et al. (6). . c e 

The amount of fat absorbed by rats subjected to partial pressures of oxygen ot 

117 and 80 mm. Hg (38.2 and 41.4 per cent, respectively), was not significantly 


TABLE 1 

Effect of anoxia on the absorption of fat from the small intestine in rats 


OXYGEN TENSION 

117 MM. 

80 MM. 

63 MM. 

53 MM. 

Approximate altitude 

8,000 ft. 

18,000 ft. 

24,000 ft. 

28,000 ft. 


No. of 
rats 

Fat 

absorbed 

No. of 
rats 

Fat 

absorbed 

No. of 
rats 

Fat 

absorbed 

No. of 
rats 

Fat 

absorbed 

Controls 

Anoxic 

Std. Dev 

P (Fisher’s) 

9 

9 

% 

39.6 

38.2 

8.5 

0.8 

7 

10 

% 

47.1 

41.4 

8.3 

0.2 

8 

11 

% 

41.5 

28.6 
8.8 

<0.01 

10 

10 

% 

57.1 

31.8 

11.8 
<0.001 


different from that for the control animals (39.6 and 47.1 per cent, respectively). 
On the other hand, at partial pressures of oxygen of 63 and 53 mm. Hg the ^ount 
absorbed was significantly less (28.6 and 31.8 per cent, respectively) than for 
the corresponding controls (41.5 and 57.1 per cent, respectively). The differ- 
ence, statisticaUy, was highly significant. . t ui mn 

These results appear to corroborate the observation of MacLachlan (4) t 
in rabbits, subjected to a reduced atmospheric pressure of 354 mm. Hg (partial 
pressure of oxygen of 74 mm. Hg) for three hours, there is a definite lowermg of 
the total lipid content of the plasma. Although the decrease was confined mamly 
to the neutral fat fraction, the phospholipid showed some tendency to decree 
as well. Sundstroem and Bloor (5) reported that a decrease m the hpid phos- 
phorus of the plasma is a characteristic feature of short exposure to low pressure. 

Apparently the threshold for the absorption of fat in the rat lies between par- 
tial pressures of oxygen of 80 and 63 mm. Hg (corresponding approximately to 
altitudes of 18,000 and 24,000 ft., respectively). It is of interest to note that 
Van Liere, David and Lough (8) found that the absorption of water 
not affected by anoxia until a partial pressure of oxygen of 80 mm. Hg (18,000 
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ft.) was reached. At this partial pressure of oxygen considerably more water 
was absorbed by the anoxic dogs. Although no adequate explanation was offered 
it was pointed out that this occurred at what Barcroft has termed the critical 
level of anoxia. 

There is considerable evidence that anoxia results in a diminished motility of 
the stomach and small intestine, as well as a prolongation of the emptying time 
of the stomach, in both man and dogs (1). These factors might reasonably be 
expected to affect significantly the rate of fat absorption. 

Steenbock and associates (9) observed a slowing up of fat absorption in rats 
as a result of inadequate intake of vitamins, or reserves of vitamins. Other 
abnormal body conditions such as anemia also caused a decided decrease. These 
finding s were interpreted as an expression of a general slowing down of body 
activities. The decreased absorption of fat in rats subjected to severe degrees 
of anoxia might likewise be referable to a diminished rate of cellular metabolism 
resulting from a decreased supply of oxygen to the tissues. 

The results of this investigation on the effect of anoxia on fat absorption show 
that ranges of anoxia compatible with life would not interfere, as far as the ab- 
sorption of fat is concerned, with the proper nourishment of the body. However, 
as pointed out by Van Liere (1), these studies in absorption are valuable in so 
far as they may throw additional light on the mechanism of the absorptive 
processes. 


SUMMARY 

Adult albino rats, previously fasted 48 hours, were fed 1.5 cc. of com oil 
(1.385 ± 0.01 gram) and subjected to the following partial pressures of oxygen: 
117, 80, 63 and 53 mm. Hg (corresponding approximately to altitudes of 8,000, 
18,000, 24,000 and 28,000 ft., respectively). Simultaneously fed controls were 
kept at atmospheric pressure. Four hours after feeding the amount of fat 
absorbed was determined by measuring the amount of fat remaining in the 
alimentary tract. 

The amount of fat absorbed by rats subjected to partial pressures of oxygen 
of 117 and 80 mm. Hg was not significantly different from that for the control 
animals. On the other hand, at partial pressures of oxygen of 63 and 53 mm. Hg 
the amoimt absorbed was significantly less than for the corresponding controls. 
The difference, statistically, was highly significant. Apparently the threshold 
for the absorption of fat in the rat lies between partial pressures of oxygen of 80 
and 63 inm. Hg. 

The results of this study indicate that ranges of anoxia compatible with life 
would not interfere, as far as the absorption of fat is concerned, with the proper 
nourishment of the body. 

The authors wish to express their appreciation to Dr. E. J. Van Liere, Head 
of the Department of Physiology, for his helpful advice and co-operation, and to 
Mr. Hector H. Filardi for his tedmical assistance. 
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In a previous paper (1), it was reported that in the anesthetized dog, faradic 
stimulation of the stellate ganglia or their cardiac branches causes coronary 
inflow to increase. Early in these experiments, it was observed that stimulation 
of these nerve structures affected the heart in such a manner that its vigor of 
contraction appeared to increase greatly. Although increases in heart rate 
and blood pressure were also frequently observed, they were not always present 
and therefore could not be considered indispensable to the mechanism by which 
the corona]^ flow was increased. If, judging from appearances alone, the work 
output of the heart were being increased by nerve stimulation, a. concomitant 
increase in coronary flow would be a reasonable expectation. Accordingly, 
further experiments have been designed to determine, if possible, the mechanism 
by which stimulation of these sympathetic structures leads to an increase in 
coronary flow. The studies have been largely restricted to the measuranent of 
those factors concerned with the work and metabolism of the heart. 

Methods. The preparation was essentially the same as that used in the pre- 
vious nerve experiments (1). Dogs weighing from 9.5 to 12.5 kilos, were anes- 
thetized® and the upper part of the chest plate removed. By careful dissection, 
the stellate ganglion and/or its cardiac branches were exposed on one or both 
sides. One main branch (descendens or circumflex) of the left coronary artery 
was isolated 8 to 10 mm. from the aorta for subsequent cannulation. One com- 
mon carotid artery was isolated and anticoagulants^ were then given. In some 
preparations, an adjustable screw clamp was applied to the thoracic aorta near 
the diaphragm so that central aortic pressure could be regulated if desired. 
Coronary inflow was measured by a rotameter (2) mserted between the carotid 
cannula and the coronary artery cannula. In some experiments the flow 
was optically recorded by a special rotameter and optical recording attachment 
which are described elsewhere (3, 4). The nerve structures were stimulated 
with a Harvard inductorium. 

Measurements of cardiac input were made by means of a large bore rotameter 
attached to a special cannula® inserted into both venae cavae. Blood leaving 

♦New address: University of Rochester, Rochester, N. Y, 

^ The expenses of this investigation were defrayed by a grant from the Commonwealth 
Fund. 

*New address: lilly Laboratories for Clinical Research Indianapolis, Ind. 

• Sodium pentobarbital, 0.020 gm./kilo. 

• Heparin, 100 units/kilo . and pontamine faslpink, 150 mgm./kilo . 

• See reference (5) for description and use of cannula. The azygos and any other veins 
not included in the cannulation were tied off. In these experiments, venous blood returning 
from the coronary circuit was not included in the measurement of cardiac input. ' 
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the rotameter was returned to the right atrium through a cannula tied in the tip 
of the right auricular appendage. 

A-VO 2 differences were determined from blood samples drawn from a side 
tube on the coronary artery cannula and from a needle inserted into the great 
cardiac vein. 

In figure 1 are illustrated the usual temporal relations between the time of 
cardiac nerve stimulation and the response of coronary inflow and blood pressure 
(uncompensated) . 



Fig. 1. Segments of original record showing one type of response to cardiac nerve stimu- 
lation. Upper curve, mean carotid arterial pressure. Lower curve, flow through circum- 
flex branch of left coronary artery. Time, 5 seconds. Ordinate, pressure in mm.Hg and 
flow in cc/min. Interrupted vertical line indicates beginning stimulation. Numbers at 
bottom of record segments indicate minutes elapsed following cessation of stimulation. 

Work changes with cardiac nerve stimulation. In part A of table 1 are presented 
four sets of observations which are typical of repeated determinations on each of 
three animal (9-10 kilo.) preparations. In experiments 1, 2 and 3, any elevation 
in blood pressure during cardiac nerve® stimulation was prevented by loosening 
the aortic clamp which had previously been adjusted to constrict the aorta 
slightly. In experiment 4, the blood pressure was not artificially adjusted. 
Since, in each instance, cardiac input is significantly increased while the blood 
pressure remains the same or increases, the work of the left ventricle must also 
have increased as the result of cardiac nerve stimulation. 

• The expression ‘‘cardiac nerves• ** used throughout the paper refers to the nerve branches 

from the stellate ganglion which are directed toward the heart. 
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It has been reported in a previous publication (1) that right coronary inflow also 
increases when the cardiac nerves are stimulated. In all of nine experiments m 
which right ventricular pressure was optically recorded, the maximal systolic 
pressure rose considerably during nerve stimulation with increas^ ranging from 
44 to 200 per cent, av^age 89 per cent. The observations that right ventricular 
pressure increases and cardiac input increases must indicate that the work of the 
right ventricle is also increased by cardiac nerve stimulation. 


TABLE 1 

The effect of cardiac nerve stimulation on the work and metabolism of the left heart 

Work changes 


XTon. 

MEAN BtOOO 
PSESSUSE-MM. 

Hg 

COEONAEY PLOW 

cc./min. 

CAEDIAC INPUT 
CC./MIN. 

CONDITION 


Before 

During 

Before 

During 

Before 

During 


1 

70 

69 



760 

1087 

Left cardiac nerves stimulated 2 minutes 

2 

81 

80 

28 

34 

575 

670 

Right cardiac nerves stimulated 1 min- 
ute—Flow in left circumflex 

3 

106 

108 

32 

47 

350 

500 

Left cardiac nerves stimulated 1 minute 
—Flow in left circumflex 

4 

72 

83 

29 

37 

400 

475 

Left cardiac nerves stimulated } minute 
—Flow in left circumflex 


Metabolism changes 


EXPT. 

HEAET 

MEAN 

BLOOD 

0 , CONTENT— 
VOL. % 

A-VOi 

COXONARY 

INPLOW 

0, UTILIZATION 

CONDITION 

BATE 

PBE8- 

SURE 

Art. 

Venous 

ENCE 

cc./min. 

%in. 

crease 

cc./min. 

% in- 
crease 


1 

132 

no 

17.90 

4.55 

13.35 

16 


2.14 


Control-flow in left 
circumflex 


138 

108 

17.80 

3.46 

14.34 

32 

100 

4.59 

114 

Stim. left cardiac 
nerves 2 min. 

2 

120 

no 

16.0 

2.98 

13.02 

17 


2.21 


Control -flow in left 
circumflex 


120 

no 

16.7 

2.35 

13.35 

45 

165 

6.00 

171 

Stim. left cardiac 
nerves for 2.5 min. 


Metabolism changes with cardiac nerve stimulation. As would be anticipated, 
and in keeping with the observed increase in cardiac work, the O 2 utilization of 
the heart is also increased with stimulation of the cardiac nerves. In ^^blel, 
part B, are presented two representative sets of data which reveal that the A-VO 2 
difference increases slightly and coronary inflow increases greatly; the product 
of the two changes indicates a large increase in O 2 utilization. 

Discussion. Faradic stimulation of either right or left stellate ganglion or its 
cardiac branches, before or after severmg them from the sympathetic chain, 
causes a considerable and sustained increase in both right and left coronary in- 
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flow with or without an appreciable accompanying increase in heart rate or blood 
pressure. Measurements of cardiac input and O 2 utilization reveal that stimu- 
lation of these nerve structures causes an increase in the work and metabolism of 
the heart. If the nerves are unduly traumatized, incident to their isolation, or 
if the experiment is prolonged for several hours, nerve stimulation may be accom- 
panied by only a small increase or no change in coronary inflow. In none of the 
experiments has the coronary inflow been found to increase without evidence of 
increased cardiac work and/or metabolism. In those experiments in which only 
coronary inflow was measured, an increase in flow was never observed without 
gross visual evidence that the vigor of cardiac contractions had also increased. 
In no experiment was a decrease in coronary flow observed during cardiac nerve 
stimulation. The foregoing observations support the conclusion that stimula- 
tion of the cardiac nerves causes the heart to beat more vigorously, thereby 
increasing cardiac output and/or blood pressure (work). The increase in work 
is accompanied by an increase in coronary A-VO 2 difference and an increase in 
coronary flow (Oj utilization and metabolism). 

The mechanism by which the vigor of cardiac contraction is increased has not 
been identified. The possibility that adrenal secretion is responsible for the 
cardiac stimulating effect can be largely discounted for several reasons: 1, stimu- 
lation of the cardiac nerves when severed from the stellate ganglia gives the same 
cardiac response as stimulation of the stellate ganglia when the nerves and sym- 
pathetic trunk are intact; 2, the cardiac response occurs within several seconds 
(cf. fig. 1) which interval would not appear to be suflSciently long for elaboration 
and transportation of epinephrine from the adrenal glands; 3, in each of two 
animals, no diminution or alteration of the cardiac response was noted in obser- 
vations made before and after the adrenals were clamped off. 

Because of the promptness (1-3 sec.) with which the heart responds, it would 
appear more likely that the physiological process is a local one, perhaps involving 
the release of a “myocardial stimulating substance” at the endings of the stimu- 
lated nerves. Such a possibility is indirectly supported by several studies. 
Woolard (6) reports that certain nerves in the myocardium pass among the 
muscle fibres and many ultimately penetrate individual muscle cells. Cannon 
and Rosenblueth and others (7, 8, 9) offer evidence that an adrenalin-like sub- 
stance (“sympathin”) is released in the heart when the cardiac nerves are stimu- 
lated. Regardless of the immediate effect of nerve stimulation on the myo- 
cardium, it is not improbable that the consequent increase in cardiac vigor and 
work and the accompanying increase in metabolism are largely responsible for 
the dilatation of the coronary vessels and the observed increase in flow. Two 
possible mechanisms are suggested, either or both of which may operate; vaso- 
dilatation of the coronary bed resulting from 1, the increased local production 
and release of metabolites, and 2, the creation of a local relative anoxia caused by 
a disproportion between the increased rate of O 2 utilization and existing coronary 
blood flow. 

Thus far, the ultimate effect of cardiac nerve stimulation has been interpreted 
only in relation to what are regarded as the primary antecedents to the change in 
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coronary flow, namely, increases in cardiac work and metabolism. Pre\dous 
investigators have interpreted the changes in coronary flow in terms of direct 
vasomotor influences on the coronary vessels. Katz and Jochim (10) have pre- 
sented experiments with the fibrillating heart which were thought to demonstrate 
the effects of nerve action on the calibre of the coronary blood vessels without 
interference from concomitant alterations in blood pressure, vigor of contrac- 
tion, etc. The observations presented here do not exclude the possibility that 
the cardiac nerves may exert a direct vasomotor influence on the coronary vessels. 
However, the studies with the fibrillating heart (10) also fail to demonstrate con- 
clusively that such direct vasomotor influence does exist. The abolition of 
rhythmic contraction of the heart does not preclude the possibility that cardiac 
nerve stimulation may yet increase the vigor of fibrillary contractions, increase 
the metabolism and establish the same train of events as that observed when the 
myocardial fibres are undergoing concerted rhythmic contraction. The present 
studies on the beating heart have demonstrated increases in cardiac work a.nd 
metabolism which, in themselves, are sufficient to explain the coronary dilatation 
and increased flow which accompany nerve stimulation. The failure to observe 
an increased coronary flow without evidence of increased cardiac vigor, work or 
metabolism lends indirect support to the thesis that the cardiac nerves are not 
primarily or even necessarily concerned with efferent vasomotor regulation by 
direct action. 

Previous investigators have stressed the importance of the cardiac nerves m 
relation to reflex mechanisms “by which coronary flow can be adapted to the re- 
quirements of the heart. ” In the light of the present findings, the cardiac nerves 
would appear to operate in conjunction with a mechanism by which the work 
output of the heart can be adapted to the requirements of the wlwU organism. In the 
absence of conclusive evidence to the contrary, the concomitant increase in 
coronary flow is regarded largely as a secondary phenomenon resulting from 
coronary dilatation occasioned by chemico-metabolic influences incident to the 
increased work and metabolism. 

SUMMABY 

In confirmation of previous work, faradic stimulation of either stellate gan- 
glion or its cardiac branches in the anesthetized open-chest dog causes a consider- 
able and sustained increase in coronary flow. Measurements of cardiac input 
and O 2 utilization have demonstrated that cardiac work and metabolism are also 

U!XCI*G&iSGd 

The cardiac nerves arising from the stellate ganglia are believed to be primarily 
involved in a mechanism by which the work output of the heart may be increased 
by nervous control. The promptness of the cardiac response and the somewhat 
prolonged after-effect suggest the elaboration of a cardiac stimulating substance 
at the endings of the stimulated nerves. 

The failure to obtain an increased coronary flow response without evidence of 
increased cardiac vigor, work or metabolism, the lack of conclusive evidence that 
the cardiac nerves have a direct vasomotor influence and the observation that 
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cardiac metabolism is considerably increased, all lend support to the thesis that 
the increase in coronary flow may be largely, if not entirely, a secondary phe- 
nomenon. The increased vigor of cardiac contraction and the associated in- 
crease in cardiac metabolism resulting from nerve stimulation are regarded as 
the primary effects which indirectly give rise to coronary vasodilatation by 1, 
increasing locally the production and elaboration of metabolites and/or 2, by 
creating a local relative anoxia caused by a disproportion between the increased 
rate of O 2 utilization and the existing coronary blood flow. 

The r61e played by the cardiac nerves arising from the stellate ganglia is 
believed to be one associated with the adaptation of the work output of the heart 
to the blood flow and pressure requirements of the whole animal and not pri- 
marily one of coronary vasomotor adjustment to the requirements of the heart. 
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It has been demonstrated by Noble (1), by Ungar (2) and others (3) (4) that 
animals subjected to a nonfatal degree of trauma acquire an “immimity,” so 
that after an interval of time they are able to withstand trauma that would 
ordinarily be fatal. Noble produced standardized trauma by rolling animals m 
a drum, after the method of Noble and Collip (5) . Ungar employed a technique 
of measured trauma to the legs of animals by means of a metal rod falling from a 

given height. . - 

These observations have been taken as evidence of a humoral mechanism of 
resistance, and Ungar reported that the serum of “immunized” animals had 
acquired the property of protecting normal animals against trauma when injected 
prior to the trauma; this has not been confirmed by Tobey and Noble (4) or by 

Prinzmetal (6). i. v, 

The availabiUty of a large number of mice that had survived tourniquet shock 

as a result of therapy (7) peimitted us to confirm the presence of increased re- 
sistance to a repetition of the trauma at the original site. The tourniquet meth^ 
was also adapted to the front legs of mice so that it became possible to test the 
effect of reapplication of trauma to a different site upon the development of 

resistance 

The technique of standardized tourniquet shock in mice has been previously 
described (7) Our experiments differ from those previously reported on this 
subject in the animals employed (mice), in the use of tourniquets to produce 
trauma, and in a more severe degree of initial trauma. It is believed, however, 
that the nature of the phenomenon is essentially the same under these conditions. 

Tourniquets were originally applied to both front or both hind legs for a period 
of two hours in all but one experiment. In 191 untreated mice in this series teis 
application to the hind legs resulted in an acute mortality of 96 per cent, ai^ m 
32 mice with application to the front legs the mortality was 85 per cent. Care 
must be exercised that the tourniquets on the forelegs do not extend too far 
anteriorly on the body so as to interfere with respiration by pressure on the 
trachea. To this end the legs are extended laterally while the tourniquets are 
being appUed. In other respects the technique for front leg application was the 
same as that previously described for the hind legs. 

Groups of mice received oral or intraperitoneal therapy with 8 to 10 per cent ol 
body weight of 0.9 per cent sodium chloride on removal of the tourniquets. This 
therapy reduces the mortality to approximately 15 per cent for hind leg appli^- 
tion (7), and following tourniquets to the forelegs in a series of 65 mice that 
received saline, the mortality was 14 per cent. 
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The survivors of these applications to front or hind legs were kept for intervals 
of 4 to 38 days, after which tourniquets were reapplied for 2 hours to the hind legs 
of all mice. No therapy was given at this time. The presence of ‘^immunity’’ 
in these mice was demonstrated by comparing the mortality from this second 
tourniquet application to that which occurred in mice from the same batch receiv- 
ing tourniquets for the first time. These control animals received their tourni- 
quets either at the time of the original application or at the time of reapplication 
to the other groups. 

When tourniquets were originally applied to the hind legs and reapplied after 
an interval of 21 days a substantial reduction in mortality resulted. In a total of 



DAYS 

Fig. 1 Fig. 2 

Fig. 1. Mortality curves following the reapplication of tourniquets to the hind legs of 
mice that had received tourniquets to the hind legs 21 and 38 days previously (death from 
the original application prevented by saline therapy) . Controls represent untreated mice 
with tourniquet application for the first time, either at the time of the original (137 mice) 
or second (54 mice) application to the others. Figures in parentheses indicate number 
of animals in each group. 

Fig. 2. Mortality curves following application of tourniquets to the hind legs of mice 
that had received tourniquets to the front legs 4 to 38 days previously. Controls represent 
tourniquets to hind legs in mice without previous tourniquet application. Figures in 
parentheses indicate numbers of animals used. 

128 mice comprising 9 experiments the mortality was 40.5 per cent as compared 
with 95.5 to 97.5 per cent among 191 controls (fig. 1). 

Shorter intervals than 21 days were not satisfactory for reapplication to the 
same legs because the tissues were too soft to support the tourniquets. After 2 
weeks the legs approached their normal size, and at 21 days little evidence of 
anatomical or functional impairment was present. At this time the weight of the 
legs, reported below, was not significantly different from normal. Histological 
changes, however, were still present. 

Reapplication of the tourniquets to the hind legs after an interval of 38 days 
brought about a mortality of 10.5 per cent (fig. 1). While this indicates greater 
resistance at 38 than at 21 days, the tests were not run simultaneously, and thus 
the results are hot entirely comparable. 
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In contrast to these results the development of resistance was not observed 
when the original application was made to the forelegs and the second to the hind 
legs. Time intervals of 4, 9, 21 and 38 days were permitted to elapse. No 
significant difference in mortality from the controls was observed in any of these 

experiments (fig. 2). . • r u u j 

In the experiment with a 4 day interval the original application of the bands 

to the fore legs was for a period of 1 hour and the therapy at that time was 3 per 
cent of body weight of saline. This amount of trauma in 10 untreated controls 
was fatal to half of them. In all other experiments the applications were made 
for two hours. 

These observations indicate that the observed “immunity” is a local phenome- 
non. Histological studies were made to determine the condition of the tissues at 
the time of reappUcation and experiments were also carried out to measure the 
degree of swelling in these tissues as compared to that of normal tissues following 
tourniquet application. 

Pathological studies of the legs were carried out at various intervals after 
tourniquet apjjlication. The inflammatory and necrotic changes seen in the first 
few days were followed in 7 to 10 days by active proliferative changes in the areas 
of necrosis. The greatest necrosis was seen in the areas underlying the tourni- 
quets, and often involved the bone and marrow, where it was accompanied by 
production of endosteal and periosteal callus. Fibroblast and muscle cell pro- 
liferation and leucocyte infiltration was still active at 17 days. At 35 days after 
tourniquet appUcation the muscles showed regenerative changes and considerable 
fatty infiltration; varying degrees of fatty degeneration of the nerves were pres- 
ent. It is evident that the process of repair is incomplete on the 35th day even 
though the gross appearance and functional state approached normal. 

Studies were carried out to compare the degree of swelling in legs receiving 
tourniquets for the second time with legs receiving them for the first time. 

Mice that had received tourniquets to the hind legs 21 days previously , along 
with normal mice from the same batch, were given tourniquets to the hind legs 
for two hours. Two hours after removal of the tourniquets the animals were 
immersed into a freezing mixture of solid CO* and ether. The hind legs were cut 
off, and analyses of the wet and dry weights were made upon pooled samples from 
each group. The technique and validity of the procedure have been described 
©ls0W^h©r© (9) • 

A period of two hours after tourniquet removal was chosen for analyses because 
it has been found that the major part of the swelling occurred by then (8) (9). 
This appeared to be the best time to indicate whether a change in rate was present 
as well as to give an index of total swelling. 

The results are shown in table 1. The weight of legs 21 days after tourniquet 
application (Ib) was not significantly different from normal (Ilb). Upon reap- 
plication of tourniquets the amount of swelling (“fluid loss”) (la) was similar to 
that present in the legs that received tourniquets for the firat time (Ha), even 
though the mortality has been shown to differ significantly in tl» two 

In experiments reported elsewhere (9) evidence has been submitted that fluid 
and sodium loss into the traumatized tissues, and liberation of potassium, are 
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interrelated, and that all three are of significance in shock. We have studied one 
of these factors, and the results indicate that within the limitations of the methods 

TABLE 1 

Wet weight j dry weighty and water content of two hind legs of tourniquet and control mice 
Values are expressed as grams per single mouse (corrected to body weight of 15 grams), 
although they represent determinations on pooled samples from the indicated number of 
animals. Experiments A and B were separated by an interval of six months. 


EXPEWlffENT A 

EXPERIMENT B 

No, of 
animals 
repre- 
sented 

Wet 

weight 

Dry 

weight 

H2O 

content 

No. of 
animals 
repre- 
sented 

Wet 

weight 

Dry 

weight 

H2O 

content 


(I) Previous tourniquet application 21 days prior to experiment 


(a) Reapplication 
of tourniquet 

4 

4 

2 

2.05 

1.97 

2.09 

0.575 

0.568 

0.585 

1.47 

1.40 

1.50 

5 

5 

5 

5 

1.71 

1.66 

1.67 

1.68 

0.506 

0.478 

0.496 

0.500 

1.20 

1.18 

1.17 

1.18 

Average 

10 

2.024 

0.574 

1.45 

20 

1.679 

0.495 

1.18 

(b) No reapplica- 

4 

1.37 

0.530 

0.84 

5 

1.22 

0.512 

0.71 

tion of tourniquet 

4 

1.39 

0.495 

0.89 

5 

1.21 

0.528 

0.68 

(“Controls’^) 

4 

1.38 

0.498 

0.88 

5 

1.26 

0.488 

0.77 






4 

1.24 

0.488 

0.75 

Average 

12 

1.378 

0.508 

0.87 

19 

1.233 

0.504 

0.73 

H 2 O difference 

0.58 




0.45 


(II) No previous tourniquet application 


(a) Tourniquet 
group 

4 

4 

2 

1.95 

2.18 

1.98 

0.600 

0.690 

0.705 

1.35 

1.49 

1.27 

5 

5 

5 

5 

1.69 

1.82 

1.71 

1.61 

0.522 

0.532 

0.532 

0.540 

1.17 
1.29 

1.18 
1.07 

Average 

10 

2.047 

0.657 

1.39 

20 

1.708 

0.532 

1.18 

(b) Control group 

4 

1.32 

0.528 

0.79 

5 

1.22 

0.492 

0.73 


4 

1.65 

0.683 

0.97 

5 

1.22 

0.478 

0.74 


4 

1.37 

0.490 

0.88 

5 

1.23 

0.490 

0.74 






5 

1.18 

0.458 

0.72 

Average 

12 

1.443 

0.567 

0.88 

• 20 

1.211 

0.480 

0.73 

H 2 O difference 

0.51 
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employed the phenomenon of acquired resistance cannot be explained on a basis 
of variation in fluid loss alone. I\irther study is required to establish the mech- 
anism of the resistance. 


S. M. ROSBfOTAL, a. TABOR AND B. D. UUUB 


SUMMARY 

Standardized fatal trauma in mice was produced by application of tourmquets 
to the fore or hind legs. Mice that survived this trauma as a result of therapy 
were resubmitted to tourniquet application after intervals of time. 

When the trauma was applied to a different site in from 4 to 38 days no resist- 
ance was present. ... 

When the trauma was reapplied to the same site after 21 or 38 days a nign 

degree of resistance was demonstrated. 

Analyses of the legs for the amount of swelling revealed no significant differ- 
ence in the two groups. 
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The qualitative features of the reflex inhibition of the intestine which occurs 
in response to stimuli arising from alterations of pressure within it have l)een 
studied in several laboratories. This infonnation has been summarized in a 
(H)llective review (5). The present study is concerned with Jf , the factors that 
cause variation in the effectiveness of a given distention, in eliciting reflex in- 
hibition of intestinal motility, and 2, the relation of length of intestine distended 
to the pressure that is required to initiate the reflex. 

Method. Four dogs Avere prepared, each having one Thiry and one Thiry- 
Vella loop which were made from adjacent segments of the upper jejunum. All 
extrinsic nervous patliAvays were left inta(*t. Motility from an intestinal sc^gment 
in the form of a Thiry loop (indicator segment) was recorded by the ))alloon- 
mercury-manometei- method (7) in unanesthetized, unmedicated animals. A 
measured volume of A\'ater was introduced into the balloon-mei'cury-manometer 
system by means of a side-arm, and this volume remained unchanged throughout 
the experiment. Motility in this segment served as an indicator for the effecd-s 
of pressure changes produced by means of balloons in a Idury-Vella loop. Pres- 
sures in the two balloons ustni for distending portions of the Thiry -Vella loop 
were controlled by connecting a gravity pressure bottle with the balloon-rnei’cury- 
manometer systems. In some studies, balloons of ATirying length were suc- 
cessively introduced, so as to include the same section of the Thiry-^ddla loop. 
In other experiments, balloons were placed one within the proximal and the other 
within the distal end of the Thiry-Vella loop, and a distending pressure was 
established alternately or simultaneously in the two balloons. 

Resithj^s. The observations desci-ibed are based on GO experiments in 4 dogs, 
involving more than 3()() distentions. 

I. Variations in effectiveness of a single distention. Previous studies of the 
reflex in unanesthetized animals have indicated that intensity, duration and rate 
of change of the stimulus are factors Avhich alter the reflex response. The re- 
sponse to graded distentions of a segment of intestine is a graded reflex inhibition 
of the indicator segment. A single distention may be ineff(H*tive, subthreshold, 
threshold, submaximally effc'ctive or maximally elective. Further observations 
confirm the previous report (7) that the threshold for an effective distention is 
elevated Avhen there is a slow rate of increase in the pressure; and that a sudden 
increase in pressure is more effective in producing inhibitory efl'ects than a step- 
by-step increase to the same or even to a somewhat higher level. There is slow 
adaptation to a distending pressure, and sustained pressures result in prolonged 
inhibitory effects. 

^Aided by a grant from the John and Mary R. Markle Foundation. 

407 



408 


CLARE G. PETERSON AND W. B. YOUMANS 


A distending pressure in one end of a Thiry -Vella loop, when just sufficient to 
inhibit the opposite en<i of the segment, may cause no inhibitory effects in the 
indicator segment which has no intrinsic connections with the loop distended. 
This result is illustrated in figure 1 . This is further evidence that the intrinsic 
mechanisms of the intestine contribute to the inhibitory influences of intestinal 

distention. • • u 

Then* is a variability in the minimal pressure that is required to elicit the re- 
flex, in different animals and in the same animal under altered conditions. You- 
mans, Karstens and Aumann ((>) observed that wide individual variations exist 



Fig. 1. Comparison of responses in the proximal end of a Thiry-Vella loop with response 
in a Thiry loop, produced by distention of the distal end of the Thiry-Vella loop. Irom 
above downward there is illustrated 1 , motility of Thiry loop; 2, zero pressure level; 3,di8tal 
end of Thiry-Vella loop; 4, zero pressure line; 5, proximal end of Thiry-Vella loop; 6, zero 
pressure level; 7, time in 10 second intervals. Breaks in record, duration of 10 and 20 
minutes respectively. Distending pressures, 45, 60 and 72 mm. Hg respectively. See text 
for further explanation. 

between aninfals. Pressures from 35 to lOf) mm. Hg. were required to elicit the 
reflex. In the present study, the pressure required to elicit comparable inhilutory 
effects in the same animal, on different days, has varied not more than 8 rom. Hg. 
Theoretically, it might be expected that a distention in one part of the jejunum 
would have a different reflex effect than an identic-al distention in a more distal 
part. However, comparable submaximal inhibitory effects were obtained in the 
indicator segment from identical distending pressures in the same balloon, placed 
first in the distal then in the proximal end of the Thiry-Vella loop. Ihe loops 
were 30 cm. long. The possibility remains that a gradient effect might be demon- 
strated, by comparing reflex effects of distention of two intestinal segments that 
are more widely separated than those used in the present study. 


INI'E STI NO-I NTKSTI NA L 1 N HI Bl^J’OR Y RIO FLEX 


409 


II. Smsilization by a previous dislcnHon, Lalich, Herrin and Meek (3) le- 
ported that the intestino-saHtric inhibitory reflex is r('inforee(l i)y sul)jecting a 
Thiry loop to a continuons (listendiiiK pressure for twenty-four iiouns before 
redistention. It has I)een shown that after a pnn'ious distention of the jejunum, 
if the rate of change of tlie stimulus is not altered, a s('Cond distention ot shorter 
duration will surpass tlie first in causing inhibitoiy effects in an indicator si'gment 
(7). No atti'inpt was made fo detenuine whether thi' reinforcemwit was on the 
basis of a ci'iitral or a perijihi'ral sensitization. In the present study, it was 
found that the thieshold for the intestino-inte.st inal reflex could b(> reduced by as 
much as one-half, by a series of brief, (dTective di.stentions. 'llie successive 

. -IT .. 1 "jI . - 1 , xl . r vU 1 I 



FitJ. 2. SciisiliziUidii of tlie iiit(‘s(iii()-inlcstin:il inhil.ilory leflcx l>y previous <lisleiiUon, 
mill (l<Miioiistr!Uion llml sciisit iziit ion is pciiplicnil mid id tlic site of disicniion. from 
;,l,ovc ilowMwmd I here is shown 1, hiilloononcrcury nianonudcr record ol jejunal Ihiry 
loop (indicaliir senineiil ) in an uniuedicaled, nnanesi hel ized dos; 2, zero pressure leve , 

pressure in proximal end of a Thiry Vella loop, distendiiiK pressure oi '"'n. 

llg in a f) cm, balloon; 4, zero pressure level ; 5, pressure record in distal end ol the Ihiry- 
Vella loop, distending jiressure of 211 mm. tig in a .a cm. balloon; 11, zero pressure level; 7 
time in 10 .second intervals. See text for further explanation. 


sufithrcshold pressure is maintained fur a. iirolonged iieriotl of time, il may so 
sensitize the r(‘flex mechanism that redisti'ii lion w ill result in inhibition ol the 
indi(*ator segment. I his ri^siilt is illii.strat'ed in tiguii 

Possible sites in the reflex arc at which sensit ization might occur tire at receptor 
end organs, at .synapsi's or at the neuro-effector junction. 'I'he following results 
indicate tlitif the sensitization is peripheral and tit the site of distention. II the 
threshold effective (ire.ssiire is detennined for :i .sect ion of the d'hlry-^ ellti loop, 
distention of a .si'cond section of the segment with a pre.ssure w Inch would ordi- 
narily sensitize that area to redistimtion diK's not. influence tlu' thre.shold lor the 
reflex in the first section. A sustained and iirolonged suhthrshoM distention m 
one end of the ']'hiry-^h'lla loop will sensitize' locally, so that a sulxseipK'nl disten- 
tion of similar intensity at the .same .sit.e will ('licit, the rc'flex. llowev i'r, a sub- 
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sequent identical distention of the opposite end of the segment is ineffective. 
This result is illustrated in figun; 2. 

The exact nature of the peripheral sensitization has not been determined . The 
alteration in irritability of receptors is roughly proportional to the intensity and 
duration of the distending pressure. Sensitization to redistention occurred when 
a distending pressure of 26 mm. Hg. was used. This is illustrated in figure 2. 
Thus sensitization occurs at pressures significantly lower than those reciuired to 
block the local circndation (2) and well within the range of pre.ssure creatcMl by 
intestinal contractions. This result introdinies the possibility that the sensitiza- 
tion observed in these experiments may be a physiologic phenomenon. 

111. Relation of length of intestine distemied to pressure required to elicit the 
reflex. ' The minimal pressure which will elicit the intestino-intestinal inhibitory 
reflex is comparatively high, when a distending balloon 5 cm. in length is used. 
Pre.ssures ranging from 35 to 100 mm. Ilg. are required (6). Such pressurt^s far 
t^xceed intra-enteric pressures recorded from clinical (;ases of intestinal obstiiu^- 
tion (4), though they are approximated by the pre.ssures developed in the clo.sed- 
loops of experimentally obstructed animals (1 ). Previous studi(;s do not indicate 
whethei' the intestino-intestinal reflex hmctions within physiologic limits, or if 
it can be elicited only by high, artificially-produced, distending pressures. It is 
on this basis that one might question the r61e of reflex inhibition of intestinal 
motility by intestinal distention as a contributing mcchani.sm to the perpetuation 
of distention, in ileus and intestinal obstruction. However, the minimal pressure 
that is required to elicit the reflex when a 5 cm. section of bowel is distended 
provides no information concerning the fundamental pi'oblern of the; minimal 
intraluminal pressure that will initiate impvdses on the afferent side of th(> reflex 
arc. 

The role of spatial summat.ion in the production of a nonnal reflex discliarge 
indicates that this phenomenon woukl be expected to o(!cur, when the intesf.ino- 
intestinal reflex is activated. It can te shown in several ways that summafion 
does (xrcur. The results of one type of ex{Kwiment demonstrating summation ai-(! 
illustrated in figure 3. The simultaneous combination of suhthreshold distentions 
in two distending lialloons of equal length, placed in opposite ends of a Tliiry- 
Vella loop, is followed by inhibition of tonus and motility of the indicator seg- 
ment. Control distentions, before and after simultaneous combination of tin; 
distending pre.ssures, offer evidence that sensitization by previous dishution of 
either .segment is not responsible for the inhibition. 

Another type of experiment demonstrating summation is illustrah'd in figure 4. 
The proximal end of a Thiry-Vella loop was first distended by a pressure of 
.sufficient magnitude to elicit severe inhibition when a 15 cm. segment of the 
Thiry-Vella loop was utilized. An identical distending pressure was le.ss effective: 
after the balloon had been changed, ho as to involve only a 5 cm. .segment. The 
possibility that the results of this experiment may be explained by sensitization, 
or by differences in the threshold on the basis of an intestinal gradient, is ruled 
out by the following facts. The distention of the shorter section is less effective 
following a previous distention in the longer section of the segment with an identi- 
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Fijr. SuiniiiMt ion of t h(‘ in((‘st ino-in1(‘st inal inliibitory rc'flex, shown by inhibitory 
on lh(‘ indicator .sc^{j!;nu‘nt from the combination of s('])a.rat(*ly subtliresliohi disten- 
tions of the proximal and distal ends of a Thiry-\ella loo|>. t rom a.bov(^ downward the 
writiiifi; points arc* arraiifjjc'd as in figure 2. S{‘e text for furtlu'r (‘X))la, nation. 
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Fig. 4. UelatioM of length of intestine distended to })r(*ssure recpiired to elicit tlie intes- 
tino-intestinal inhibitory reflex. Summation of reflex effects, as evidenced by a lowering 
of the distending pressure recpiinHl to eliedt the reflex as the* length of the segment dis- 
tended is increased. Upper re(‘ord from indicator segment, hirst distemtion, 15 cm. 
balloon in proximal end of a Thiry-Vella looj). Second distention, idc'ntical pressure in a 5 
cm. balloon placed in the proximal end of the Thiry-Vella loop. Time in 10 second in- 
tervals. Balloon changed, record stof)ped for 3 minute's, at. break in record. See text for 
further (;xplanation . 
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cal 'pressure, in spite of the fact that sensitization would tend to make the second 
distention more effective, if the balloon length were unchanged. The results pre- 
sented in section I indicate that gradient effects do not require consideration in 
these experiments, where the balloons are not more than 20 cm. apart. More- 
over, adjacent segments of intestine were distended in these experiments. 

SUMMARY AND CONCLUSIONS 

1. The factors that detennine the minimal pressures reciuii'cd to elicit tlie 
intestino-intestinal inhibitory reflex have been studied in unanesthetized dogs, 
by recording the responses of one intestinal segment (1 hiry loop) during the 
distention of another segment (Thiry -Vella loop) with balloons of various lengtlis 
and utilizing various pressures. 

2. The minimal pressure required to elicit the reflex is lowei*ed as the length 
of the jejunum distended is increased. The effectiveness of a given piessuie in 
eliciting the reflex is greater as the length of the jejunum distended is increased. 
These results may be readily explained on the basis of spatial summation in the 
central nervous system, or in the autonomic ganglia involved. 

3. An effective distention of any duration, or a prolonged sulithreshold distcm- 
tion, will sensitize the intestinal segment to redistention. Evidence is presented 
that this is a peripheral sensitization occurring at the sit(^ of distention. 
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In recent publications (1, 2) it has been shown that the physiological orienta- 
tion present in the cortex of the long bones of rats may be disorganized in a 
rachitic state, and that this condition is not repaired rapidly on a healing regimen. 
Also, it wras shown by breaking tests that disorientation is not closely correlated 
with decreased resistance to lateral breaking stress and that the latter function 
is restored before complete reorientation. 

Subsequent studies, with improved technic to be published in detail later, 
have shown that the disorientation is much more severe than was recognized at 
first or has been reported by other observers. Instead of confinement to two 
planes indicated by the 5 inch and 8 inch rings in our type pattern diffractogram 
(1) of apatite and bone powder (2) the disturbance is manifested also in all 
planes that show any orientation in healthy bone. In table 1 are listed spacings 
and indices showing a total of 5 planes subject to orientation, disorientation 
and reorientation by metabolic processes. 

Hendricks and Hill (3) published a formula for bone salt together with those 
derived by others. Our findings, also to be reported in detail elsewhere, do 
not confirm their formula but do tend to confirm more closely that given by 
Klement (4), Caio(P 04 ) 6 (OH) 2 , which is essentially the formula generally accepted 
for apatite. 

The technical procedures of diffraction w'^ork have been described (2). The 
present experiment was undertaken in an effort to determine the influences 
involved in reorientation. 

The basal diet consisted of Fox Chow Meal (Purina) supplemented with fresh 
lettuce twice weekly. Different lots of this have been analysed repeatedly for 
protein, Ca, P and caloric value. These analyses do not differ importantly 
from the data declared by the manufacturers. The mean caloric value of 
eleven determinations by bomb calorimeter was 500 cal. per 100 grams protein, 
23 per cent; calcium, 1 per cent; phosphorus, 0.83 per cent. 

This diet has proven adequate for the age period in the life span of the rat 
covered by these experiments. Over a period of seven years there has been no 
indication of any nutritional deficiency on this diet and the growth performance 
has far exceeded that recorded for most rat colonies. 

Three groups of rats were made up at weaning time as follows: 

IC. Controls, 14 males, 6 females. These were kept on the basal diet through- 
out. Beginning at 85 days at intervals, one rat was killed and all bones re- 

' Supported in part by grants from the Graduate School Research Board, the Ella Sachs 
Plots Foundation and the Nutrition Research Laboratories. 
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covered, up to 220 days when the group was exhausted. Diffractograms were 
made from the cortices of the tibial midshafts. All of them showed a high degree 
of orientation in all planes indicated in table 1. 

IHR. Fourteen rats, 8 males and 6 females. At 21 days of age these rats 
were placed on the Steenbock rachitogenic diet no. 2965 for 55 days, at which 
time one rat was killed and the rest restored to the basal diet. At intervals up 
to 175 days one animal was killed and the bones examined as above. Not 
until 39 days on the basal diet was a good degree of reorientation found. 

IDR. Fourteen rats, 8 males and 6 females. These were treated similarly 
except that at 55 days, instead of being restored to the basal diet, they were 
continued on the rachitogenic diet with a daily supplement of 75 units of vitamin 
D in oil, by mouth. The last rat was killed after 171 days of this treatment. 
By all accepted criteria of antirachitic healing all rats in both groups were healed 
after 6 weeks although growth rates were not restored in group IDR. 


TABLE 1 


d 

INDICES 

A 


fll20 

4.90 

\2020 

3,85 

1121 

3.50 

2021 

3.22 

1012 

2.84 

2131 

2.67 

3030 

2.30 

2132 

2.00 

1123 

1.85 

3250 

1.63 

3252 

1.58 

3143 


ORIENTATION 


None 

None 

Marked 

None 

None 

Marked 

None 

Marked 

None 

Marked 

Marked 


Since it is difficult to characterize degrees of orientation mathematically so as 
to permit statistical treatment, we adopted three grades of orientation, good, 
the maximum degree of orientation, fair, distinctly less, and poor, closely r^ 
sembling bone powder diffractograms, or those of powdered apatite, m which 

there is no orientation. i.-..- u 

After omitting data for the animals in each group killed before rachitic healmg 
was complete, in all of which poor or only fair reorientation was found, tlm 
following comparison may be made among ten rats in each group. Of the IHR 
group 4 (40 per cent) showed poor orientation, 3 (30 per cent) fair, and 3 (30 
per cent) good. In the IDR group there were 3 (30 per cent) poor, 4 (40 per 
cent) fair, and 3 (30 per cent) good. It is obvious that the data are too limit^ 
to permit any conclusion other than that the rachitogenic diet plus vitamm 
reorients as readily as the basal diet althou^ it does not restore growth rates. 

Since the results were not as clear as -is desirable in these preliminary ex- 
periments the procedure was repeated with lai^er groups of animals, .^o 
both the duration of the rachitic period and the restorative period were vaned. 
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Group lie. The growth curves of these animals are not remarkable and there- 
fore are omitted but are available for examination if desired. 

There were 29 rats, 12 females and 17 males. The age at death ranged from 
43 to 226 days. Examination of the diffractograms of the cortices of the tibial 
midshafts shows that there was a high degree of orientation in all but 4 animals. 
One of the latter showed complete disorientation. The other 3 showed moderate 
degrees of orientation but were easily recognizable as deficient. One of these 
was a female, the other 3 were males. These were, respectively, 146, 160, 189 
and 202 days old. 

These 4 animals demonstrate the sensitivity of this reaction to other metabolic 
disturbances as already mentioned (2). While none of the 4 showed any gross 
evidence of metabolic disturbance yet there must have been some process that 
either disturbed normal alignment or prevented proper development that was 
independent of the diet per se, since the basal diet has been found to be an ade- 
quate regimen for more than 3000 rats in our colony. This point has an im- 
portant bearing on later discussion. 

Group II HR (table 2) comprised 35 animals, 15 females and 20 males that 
were placed on the Steenbock rachitogenic diet no. 2965 for periods ranging from 
50 to 80 days and then returned to the basal diet for periods up to 125 days. In 
the table the column headed ‘‘R days’" indicates the number of days on the 
rachitogenic diet, the one headed ''H days”, the time on the healing diet. No 
correlation could be established betw^een the degree of orientation found at 
death and the total age, or the ^‘R days”. In fact, evidence in another ex- 
periment shows that a simple Ca-deficient diet may produce marked disorienta- 
tion in 10 to 15 days. 

How^ever when the data are arranged in ascending order of the number of 
“H days”, it is possible to make a partial correlation. It must be recalled that 
by the usual diagnostic criteria of rickets, such as the line test, breaking stress 
and roentgenograph ic films, the rachitic state disappears usually long befoie re- 
orientation is complete. 

Since it appears that reorientation, in the more severe degrees of disturbance, 
is not much in evidence before 6 weeks of healing treatment, the group was 
divided into those killed within 42 days on the basal diet, 1 1 in number, and those 
killed after that time, 24 in number. Again there was no correlation between 
the degree of orientation on the one hand and the number of R days, or the total 
age on the other. Out of the 11 animals, 8 (72.7 per cent) showed very marked 
disorientation and 3 (27.7 per cent) moderate degrees. In none was there 
complete reorientation. Of the 24 animals surviving more than 42 H days, 
11 (45.8 per cent) showed complete reorientation, 6 (25 per cent) moderate de- 
grees, and 7 (29.2 per cent) very poor reorientation. The total ages of these 
animals at the time of death ranged from 92 to 216 days. 

The question at once arises, why should there be any disturbance of orienta- 
tion after 42 days on the basal diet? The answer must be speculative in part. 
If it is accepted that the rachitic state is a systemic, metabolic disturbance, 
then it is not difficult to envision a residuum of this disturbance after healing 
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treatment has been instituted that would vary in magnitude. Therefore, the 
rate of reorientation may vary greatly. It has been shown that there may be 
some persistence after 275 days of antirachitic treatment (2). 

Besides, the possibility of undetected metabolic influences, as stressed aboim, 
cannot be overlooked here. With a metaboUc complex already upset it may be 
that a diet calculated to be adequate may actually be physiologically detoent 
in the sense that the organism cannot make the most efficient use of it. How- 
ever the possibility that the oriented state of bone crystals has a metabolic 
significance whoUy unrelated to known metabolic processes must not be over- 


NO. 


1 

2 

3 

4 
6 
6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 


TABLE 2 


Group //, HR 


SEX 

DAYS 

ORIENTA- 

TION 

NO. 

SEX 

DAYS 

ORIENTA- 

TION 

R 

H 

Total 

R 

H 

Total 

M 

75 

0 

96 

Poor 

19 

F 

69 

63 

153 

Good 

F 

75 

0 

96 

Poor 

20 

M 

68 

63 

152 

Good 

M 

74 

7 

102 

Poor 

21 

M 

68 

70 

159 

Good 

F 

74 

7 

102 

Poor 

22 

M 

68 

70 

159 

Poor 

F 

74 

14 

109 

Poor 

23 

F 

68 

77 

166 

Poor 

M 

54 

24 

104 

Poor 

24 

F 

68 

84 

173 

Good 

M 

50 

24 

104 

Fair 

25 

F 

68 

84 

173 

Fair 

F 

56 

25 

94 

Poor 

26 

M 

66 

91 

177 

Poor 

M 

56 

25 

94 

Fair 

27 

F 

66 

91 

177 

Fair 

F 

54 

35 

111 

Fair 

28 

M 

68 

98 

187 

Poor 

F 

54 

35 

111 

Poor 

29 

M 

68 

98 

187 , 

Good 

F 

70 

52 

143 

Fair 

30 

M 

68 

108 

187 

Fair 

F 

70 

52 

143 

Fair 

31 

M 

68 

105 

194 

Good 

M 

69 

56 

157 

Good 

32 

M 

71 

112 

213 

Good 

M 

69 

56 

146 

Good 

33 

F 

70 

119 

210 

Poor 

M 

70 

59 

150 

Poor 

34 

F 

70 

119 

210 

Fair 

M 

70 

59 

150 

Poor 

35 

M 

69 

125 

216 

Good 

M 

68 

63 

152 

Good 








looked. Regarded in this light, it is remarkable that so little disturbance was 
found, even in the longer periods of deficient nutrition. 

In an effort to evaluate more fully the possible interrelation of “R” time and 
“H” time, Several statistical procedures were adopted, none of which added 
materially to the information obtainable from simple inspection of table 2, 
namely, that the degree of reorientation is a function of healing tie. The 

tables derived are omitted to conserve space. , j xi. 

Group II DR (table 3) comprised 20 female and lO male rats placed on the 
rachitogenic diet (Steenbock no. 2965) for periods ranging from 50 to 80 days 
and then instead of restoration to the healing diet as in the HR group, each 
n.TtiTTm.1 received a daily supplement to the rachitogenic diet in the form of 75 
units of vitamin D in oil, by mouth. Two animals were killed at this time and 
the others at periods up to 126 days. The age at death was from 74 to 217 days. 
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Again it appears that no significant reorientation occurs before 62 days of treat- 
ment, but there was no other direct correlation with the days nor the total 
age in days. 

Again various statistical procedures were employed in an effort to evaluate 
the results but without adding materially to that obtainable by inspection of 
the table. Good reorientation was preponderant beyond 42 days of healing 
days in table 3). There seems to be as good reorientation induced by the 
vitamin D alone added to the rachitogenic diet as by the basal diet. 

Furthermore, it seems to be strongly indicated that vitamin D exerts a function 
in promoting orientation in opposition to other numerous factors that can 
disarrange the crystal arrangement of bone. It is evidently not able, in the 
amounts used here, to combat completely all of the disorganizing influences. 


TABLE 3 
Group Illy DR 


NO. 

SEX 

DAYS 

ORIENTA- 

TION 

NO. 

SEX 

DAYS 

ORIENTA- 

TION 

R 

D 

Total 

R 

D 

Total 

1 

M 

74 

0 

96 

Poor 

16 

M 

70 

49 

140 

Good 

2 

M 

74 

0 

96 

Poor 

17 

M 

52 

49 

122 

Good 

3 

M 

52 

1 

74 

Poor 

18 

F 

56 

56 

132 

Good 

4 

M 

52 

4 

77 

Poor 

19 

F 

52 

60 

133 

Good 

5 

F 

74 

7 

103 

Poor 

20 

F 

52 

60 

137 

Good 

6 

F 

74 

7 

102 

Poor 

21 

F 

54 

69 

145 

Good 

7 

F 

52 

11 

84 

Fair 

22 

M 

52 

69 

143 

Good 

8 

F 

74 

14 

109 

Poor 

23 

F 

68 

70 

159 

Good 

9 

M 

56 

21 

94 

Fair 

24 

M 

68 

70 

159 

Good 

10 

F 

56 

21 

94 

Good 

25 I 

F 

55 

70 

146 

Poor 

11 

F 

54 

28 

104 

Poor 

26 

F 

55 

70 

146 

Fair 

12 

F 

54 

35 

no 

Poor 

27 

F 1 

52 

81 

154 

Good 

13 

F 

54 

35 

no 

Poor 

28 

M 

66 

91 

177 

Good 

14 

F 

56 

42 

115 

Good 

29 

F 

66 

91 

177 

Poor 

15 

F 

55 

45 

121 

Fair 

30 

F 

70 

126 

217 

Good 


If this disorganization is a fundamental factor in rickets then the physical 
structure of bone is evidently not only more sensitive to injury but more resis- 
tant to repair than other changes accepted as diagnostic criteria of rickets. 
This renders the r61e of vitamin D all the more significant since, taken alone, 
it is able to repair the particular disturbances as adequately as the basal diet. 

For a generation, it has been contended that vitamin D promotes healing of 
rickets by improving the absorption of calcium or phosphorus, or both. This 
has always seemed to us a superficial interpretation of the facts. On the other 
hand, the proponents of alternative theories have probably been equally super- 
ficial in interpreting data. 

No satisfactory mechanism has ever been suggested to explain the alleged 
improved absorption. It is not claimed that the experiments reported here 
offer any decisive evidence against the theory of improved absorption. They 
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do make clear that vitamin D exerts a peripheral effect on the physical structure 
of bone. To what extent disorientation is fundamentally involved in the 
production of rickets is yet to be determined. 

If antirachitic hea^iing depends solely on increased absorption of bone minerals, 
then the parenteral administration of the minerals should promote healing of 
rickets. So far as we are aware, no one has successfully treated experimental 
rickets for any length of time by parenteral administration of Ca and P. We 
have several times attempted this, intraperitoneally in rats, and intravenously 
in puppies. The technical diflSculties were never sufficiently well overcome to 
produce an entirely clear cut experiment, but the fact remains that never at 
any time did buffered solutions administered By either route produce the slightest 
evidence of healing. Others have claimed some degree of success for short 
periods. 

The present experiments, then, seem to indicate that in one respect, at least, 
vitamin D exerts a local action in osseous tissue in the repair of a non-specific 
physical disturbance of bone. It is admitted that the evidence could be more 
conclusive. However, whatever positive support is derived is all the more 
significant when one considers the technical difficulties inherent in such an ex- 
periment. The mechanism of such an action must be catalytic but no definite 
mechanism can be considered as of proven significance. The recent work of 
von Kraemer and Landtman (5) suggests that the amount of ossification de- 
pends on stimulation of the osteoblasts by vitamin D. The evidence for this 
suggestion seems clear. However, the uptake of Ca by bone, if dependent on 
osteoblastic activity, would be related mainly to areas that are not normally 
oriented at all, namely, the epiphyses and the spongy portions along the med- 
ullary canal. Consequently, it seems unlikely that the phenonema we have 
described are particularly related to osteoblastic activity. And yet, the only 
other mechanism would be a catalytic force capable of changing the physical 
contiguity of unit crystals. 

There was no close correlation between retardation of growth rates and degrees 
of physical disorientation, but the curves have been omitted to conserve space. 

The apatite type of molecule does not form in the body except in bone. Its 
synthesis may depend on sonie factor other than vitamin D. Its arrangement 
in the bone may depend partly on vitamin D. 

' CONCLUSIONS 

1. Experiments are described in which rats were placed on a rachitogenic 
diet until severe rickets was present. Then one group was placed on the basal 
diet, the other receiving a supplement of vitamin D but no other modification. 

2. Diffractograms of the cortices of tibial shafts showed that in rickets the 
disorientation of the crystal pattern was severe but that it had begun to reorient 
by the time antirachitic healing was complete. Subsequently the completeness 
of reorientation seemed to be independent of the ordinary evidences of anti- 
rachitic healing. 

3. Vitamin D added to the antirachitic diet produces as good reorientation 
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as the basal diet, but does not restore the growth rate. Therefore, reorientation 
is not due to somatic growth per se. 

4. These data indicate a peripheral catalytic action of vitamin D in osseous 
tissues. 
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The attention of biologists (using this term broadly) has been, by this time, 
fully aroused in respect to the problems of aging. The literature on gerontolo^ 
and kindred subjects is becoming more and more abundant, and when the 
Soviet material has been made available through translation, our knowledge 
will be increased considerably more. 

An important question, one which is especially in need of more extensive 
study, concerns the limits of the physical work which can be expected from 

persons of advancing years. - , , • i u u 

There are of course many observations, some of great value, which have been 
made already. For example, ballet-masters have sometimes very clearly m 
mind the age-capacity curve of their dancers. These and similar observations 
wait to be collected, classified and appraised. But all such material must be 
corroborated and greatly extended by ergometric experiments before the work- 
physiologist can feel a reasonable degree of security and satisfaction. 

There are two ways of conducting an inquiry into the effect of such long 
continued influences as aging. These are first, the study of the reaction of 
different age groups, and secondly, the study of the life histories of individuals. 
Each of these methods has its own pecuUar dangers and defects but those of the 
first the statistical method, do not concern us at this time, for in the experiments 
about to be described only the second, the case history method, h^ been used. 
This has a conspicuous defect in the difficulty of obtaining suitable material. 
Age physiology is a relatively new interest. If, therefore, we are to make our 
discussions cover many years, we must be content with data gathered by methods 
now out of date and gathered without reference to the special demands of the 
age-physiologist. Thus certain observations, omitted in 1914 as irrelevant, would, 
if they had been m^e, be regarded by the writers of this article as most welcome 

additions. , . , -x • + 1 , 

Whenever our task is to measure maximum physical capacity, as in tne ex- 
periments about to be described, it is absolutely necessary that the subject be 
willing to do his best. He must not be deterred from effort by timidity, nor 
laziness, nor dislike of discomfort, which often operate almost unconsciously. 

He must have the “wiU to work.” , ^ u j k,. 

A striking instance of the influence of the will to work has been observ^ by 
one of us (F A. H.). In looking over the records of the women nders of the 
cycle-ergometer reported by McCrea et al. (4), F. A. H. was impressed by the 
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feebleness of their performance. For, although these six subjects were 20 to 
30 years of age and were physical education majors, they performed only 6,480 
kg.m. in 10 minutes, an average rate of 648 kg.m./min. 

Thinking that these riders might have lacked the will to work, F.A.H. in 1942 
secured for a subject P. V. K., a physical education major, age 20, who had 
great enthusiasm for physiological experimentation and who was willing to 
exert herself to the utmost. P. V. K. performed 21,000 kg.m. in 30 minutes, 
at an average rate of 700 kg.m. per minute. Then a second subject, much less 
robust and enthusiastic, was induced to ride at the same pace. This she kept 
up for 25 minutes only, but declared that, had she had sufficient sleep the night 
before, she could have held out for the other five minutes. Then other students 
were called in, and these, following the example of their predecessors made 
high records. 

In the experiments of Robinson (5), the small boys and the aged men differed 
from the young adults in many particulars. But were the differences due to 
age or to the fact that the young adults approached the effort with a “bolder and 
more competitive attitude” (Robinson’s phrase) and were willing to face more 
discomfort? The question is left undecided. Such results strongly emphasize 
the difficulty in experiments involving maximal effort. In the case of age studies 
there is perhaps an additional complication, for it may be that the will to work 
is so closely related to age as to render age groups incomparable for purely 
physiological studies! Doubtless the unwillingness to work in the old and in 
the very young is biological and protective. But in the case of the old at least 
the inclination toward self protection is re-enforced by social pressure. Thus 
the person of advancing age is likely to be dissuaded from maximal effort by the 
anxiety of his friends and to assume a timid attitude which is a caricature of 
prudence. 

One should not, however, entertain the notion that by maximal effort we mean 
such devotion as was exhibited by the runner of the first marathon. We mean 
an effort which is well borne, which results in no untoward signs or symptoms, 
but is as productive as possible without so doing. 

Experiments. The subject. The subject of these experiments has never 
been exceptionally endowed physically. Indeed his clinical history shows an 
unusually large number of medical and surgical ailments. But all of these 
troubles have had in common this outstanding characteristic, namely, complete 
and rapid recovery. His athletic history is life-long: hiking for nature study as 
a boy; intercollegiate competition as a student; and walking, mountain climbing 
and exacting experiments on the cycle-ergometer in later life. He has never 
used tobacco in any form, alcohol very rarely and coffee only occasionally. His 
“will to work” has not so far been questioned. 

Method. The subject rode a “bi”- cycle-ergometer provided with a cyclom- 
eter and adjustable brake either mechanical or electrical. Arterial pressures 
were determined by auscultation; the beginning of the fourth phase being re- 
garded as representing diastolic pressure. The rides were performed at the fol- 
lowing ages, 41 , 53, 57, 68 and 71 years. For convenience they will be designated 
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41, 53, 57, 68 and 71 respectively. Of these 41 (2) and 53 (4) have already been 
rej^rt’ed in this Journal and 68 has received a prelimin^ notice elsewhere (3). 

The immediaie preparation for the riding tests which are about to be compared 
is as follows: 41, 3-mile run performed on 13 occasions; 63, a series of considerable 
road walks (30-40 miles) in rolling country; 57, a series of 21 rides on the cycle- 
ergometer; 68, a couple of months in the White Mountains of New Hampshire 
with frequent ascents chiefly in the Presidential Range, followed 3 weeks later 
by 2 rides on the cycle-ergometer; 71, a series of 17 rides on the cycle-ergometer. 
We shall see that the preparation at 53 and 68 was probably inadequate es- 
pecially in the case of 68. 

Working capacity. It is unfortunate that the rides at 41 are not strictly 
comparable with those performed later. The latter were continued for exactly 
30 minutes, whUe the rides at 41 did not last so long. The ride which has been 
selected as typical of this series (41) was made at top speed but lasted only 18 
minutes. During this ride the work done was 38,654 kg.m. If the subject had 
continued at the same speed for 30 minutes, he would have done 64,423 kg.m. 
of work. But he did not do so, nor could he have done it, and so it devolves 
upon us to assign a probable value. For this, the experiments described in 
this article give us no clue, but from the results obtained from a study of moun- 
tain ascents (to be published elsewhere), it seems that 55,000 would be a reason- 
able figure and the latter appears, therefore, in the accompanying table. 

In this table, 53 is the single ride recorded by McCrea et al. (4) ; 57 av. is the 
mean performance during the latter part of a series of 33 rides, i.e., the curve of 
learning was excluded from the calculation; 57 max. is the best and 30th ride 
of the same series, namely, that of February 22; 68 is the ride of October 29, the 
maximum of its series and the third from the beginning of the series; 71 is the 
ride of August 18, the maximum of its series and the 22nd from the beginning. 

The low records at 53 and 68 are probably to be accounted for by^ the in- 
adequacy of the preparation. On both occasions the subject was in good 
“condition.” At 53 he had been walking extensively; at 68 mountain climbing. 
But at 63 the test ride was the only ride and at 68 it was only the third ride. 
That the low score at 68 was not due to a lack of the “will to work” is shown by 
the untoward accompaniments of the test ride (Oct. 29). For toward the end 
of the ride there was excessive dyspnea, some gastric regurgitation and the 
subject finished in great distress. On leaving the laboratory an hour later, he 
was attacked by abdominal pains which disappeared only after twenty minutes 
walking in the street. 

It seems therefore plausible to conclude that neither walking long distances 
nor many hours of motmtein climbing afford an adequate preparation for the 
cycle-ergometer ride although, judging from the experience at 41, the 3-mile run 

is adequate. • j < 7 i u j 

It may be of interest to note in this connection that, after the rides at 71 had 

been completed (22 rides in all), the subject went climbing in the White Moun- 
tains and found this new form of exercise veiy arduous indeed for the first few 
weeks. ' So as a preparation for mountain climbing the cycle-ergometer is as 
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inadequate as is mountain climbing or walking for the cycle-ergodfeter. All 
of which is not at all surprising when viewed in retrospect. 

Other factors may have contributed in increasing the difficulties at 53 and 68. 
At 53 the subject wore an x-ray plate and holder strapped to his chest and at 
68 he was being tortured by an uncomfortable saddle. 

Circulatory reaction, to exercise. At 41 arterial pressures were determined 
before, after and during the rides. The same is true at 57, 68 and 71, and in 
addition the pulse rate was determined at the last three and at 53. Throughout 
the following discussion it is to be borne in mind that we are not dealing with 
reactions to a fixed task but with reactions called forth by maximal effort. This 
difference was not made clear enough in a previous publication (2), a fact which 
seems to have led to some misunderstanding (1). 

In discussing the circulatory reaction to exercise, we turn to figure 1. Here 
are shown four curves of pulse rate: 53 comprises only four determinations 
made during a single ride; 57 is the average of eight afternoon single rides (as 


TABLE 1 

Work capacity in relation to age 


AGE 

TOTAL WORK 

WORK PER 
HIN. 

DURATION 

RELATIVE PERFORMANCE 

% 

% 

% 

% 


k^.m. 

kg.m. 

min. 





41 

38,654 

2,147 

18 





41 

(64,423) 

(2,147) 

(30) 

(100) 




41 

55,000 

1,830 

30 


100 



53 

31,505 

1,051 

30 

49 

57 



67 av. 

32,682 

1,089 

30 

50 

59 

100 


57 max. 

33,074 

1,102 

30 

51 

60 


100 

68 

24,490 

850 

30 

39 

44 

78 

75 

71 

28,600 

953 

30 

45 

52 

87 

86 


contrasted with “double rides”, v.i.); 68 is the average of all single rides in 
which 21,000 kg.m. or more were performed, namely, 4 rides out of 5; 71 is the 
average of all rides in which 26,000 kg.m. or more were performed, namely, 6 
out of 22. 

Here 57 and 71 are very much alike, but 53 and 68 run high during the latter 
part of the ride. And when for these average values we substitute those found 
in the particular experiments in which the work done was maximal, namely, 
February 22, October 29 and August 18, the picture is unchanged for during the 
latter part of the ride 68 still lies well above 57 and 71, the latter being the 
lowest of the three. 

The high position of 53 and 68 are perhaps due to the inadequate preparation 
already discussed. 

In the same figure are shown four sets of arterial pressures: 41 is experiment 
of May 29 (2); 57 is February 22 of which the diastolic pressure is somewhat 
above the average in its series; 68 is October 29; and 71 is August 18. In other 
words all are individual rides each the maximal of its series. 
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e 
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RIDING 


0 5 10 15 20 25 30 

MINUTES 

Fig. 1. Effect of age upon circulatory reaction while riding cycle-ergometer. The thick 
vertical lines (interrupted in the middle for convenience) represent pulse pressure, the 
upper end of each being at the systolic level, the lower at the diastolic level. Determina- 
tions were made before the ride and every five minutes during the ride which lasted 18 
minutes for 41 and 30 minutes for 57, 68 and 71. The dots represent pulse rate determina- 
tions before riding. The four lines crossing the figure are the pulse rates correspond- 
ing to 63, 67, 68 and 71. 

For further explanation see text. 
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Here systolic pressure is distinctly higher at 41 and so is the diastolic. But 
one does not see any difference in the trends throughout the experiment which 
might be attributed to increasing age. 

The pulse product times one and a half (p.p. x p.r. x 3/2), which one of us 
likes to persuade himself is an index of minute volume, was calculated for 57, 
68 and 71 — p.r. was not determined at 41 nor p.p. at 53. But the results were 
not illuminating and their discussion would not be profitable at the present time. 
Suffice it that the curves at 57 and 71 resembled each other while that at 68 
differed considerably from the other two. 

^^Douhle rides” In two series of experiments designed to clarify the process 
of ^‘warming up” several subjects were directed to ride both morning and after- 
noon so that the effect of the morning ride upon the afternoon ride could be 
observed. This work is not yet ready for publication but in so far as the results 
pertain to the problems of age they are as follows: 


AGE 

“double rides” in RELATION TO AGE 

a.m. Rides 

p.m. Rides same day 

Improvement 


k^.tn. 

kg.tn. 

% 

57 

29,372 

30,338 

3.6 

68 

22,300 

23,000 

3.58 


More experiments are needed before a discussion of those already performed 
would become profitable. Suffice it for the present that in this subject the 
picture was not altered between 57 and 68 years. Such rides were not performed 


O/U f X . . T 

Resting systolic pressure. Other observers state that the resting systolic 
pressure remains essentially unaltered throughout life (6). Observations on 
the subject of these experiments accord with this. At 41 systolic pressure on 
rising in the morning, comfortably seated, was 10b. 5 (av. of 111 determinations, 
d=4.82, coef. of variability 4.51). At 68 at the end of prolonged recumbency 
systolic pressure was 109.02 (av. of 7 determinations, ± 4.24, coef. of variability 
3.88). Furthermore systolic pressure before exercise, sitting on the cycle- 
ergometer, was 126 at both 41 and 68. 

Pulse rate during training. It is well known that the resting pulse rate is 
usually decreased as the result of training. The minimum resting pulse rate 
at 41 (3-mile run) was 47; at 42 (cycle-ergometer) 52 but subsequently (tennis) 
47; at 71 (cycle-ergometer) 52. 

Recovery time and margin of safety. The criterion of recovery is the ability 
to do the same task over again. It is when there is no “hang over.” At 57 
the subject not infrequently rode on two consecutive days. At 68 an interval 
of two rest days (e.g., rides on first and fourth) was tried but the subject was 
dissatisfied and increased the rest period to three such days. At 71 the interval 
was never less than two rest days, generally more than four. The judgment of 
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recovery was of course made on subjective data only and the desire was not to 
repeat the performance as soon as possible but to be sure that no ‘‘hang over” 
would viciate the next experiment. The difference between 57, on the one 
hand, and 68 and 71, on the other, was subjectively unmistakable. 

The factor of safety which may be defined as the margin between the maxunal 
ride and the ride which ends in collapse, actual or impending, is not easy to 
determine. There were on three occasions during the first decade of the century 
symptoms which brought the subject suddenly to recumbency. Having learned 
hia lesson, he avoided trouble henceforth except on the occasion (rf October 29 
at 68 years. But, if we grant that the preparation at 68 was inadequate, a 
narrow margin would not be surprising and any conclusions regarding the re- 
lation of age to margin would be unjustifiable. 

The subject believes that his margin is narrower than it used to be. He 
feels not only that every form of effort “takes more out of him” than formerly, 
but also that only a little extra-exertion would “lay him out flat.” If he is 
correct, then this margin of safety is decreased. But all this may be pure fancy. 
It is possible that a study of the negative phase (the circulatory depression 
during recovery) might be illuminating, but such a study has hardly been begun. 

SUMMARY AND CONCLUSIONS 

Observations on the capacity for physical work and the cardio-vascular re- 
actions diir ing exercise were made upon a single subject. The latter rode a 
cycle-ergometer at 41, 53, 57, 68 and 71 years of age. During these rides the 
arterial blood pressures and pulse rate were usually determined and the external 
work done was calculated for each ride. The results obtained support the 
following conclusions. 

1. With age working capacity fell off, becoming at 71 years about 50 per cent 
of what it had been at 41 years. 

2. When two rides are performed on the same day the score in the afternoon 
is greater than the score in the morning by about 3.5 per cent at both 57 and 68 
years. 

3. The number of days necessary for complete recovery from a ride is greater 
at 68 and 71 than at 57. 

4. The circulatory reaction during maximal performance is much the same 
at all these ages. At 41 the systolic pressure rose higher but the ride which 
produced this pressure was only f as long as the rides performed later and the 
tempo was much higher. 

5. The resting values of the systolic pressure whether lying or sittii^ on the 

cycle-ergometer did not change between 41 and 68. . 

6. The ma-vimiim reduction of the resting pulse rate due to training is about 

the same at 41 and at 71 years. 

7. In training for a test on the cycle-ergometer the best preparation is to ride 
frequently upon this apparatus or to perform 3-mile runs. Road walking and 
mountain climbing do not yield as good results. 
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In the course of experiments in this laboratory concerning the influence of 
different diets upon the complete life history of the albino rat, many records 
of food intake have been collected. In the case of the diets which have had as 
their chief ingredients ground whole wheat and whole milk powder, these sup- 
plied in different proportions or with supplements of added minerals or vitamin 
materials, differences were found in the efficiency during the period of early 
growth, but the calorie intake for the adult was practically the same. This 
ranged from 18 to 21 calories per 100 grams of rat per day. Small, irregular 
variations occurred on all diets, which seemed to have no definite relation 
to the age of the rat. It was thought that these might be associated with changes 
in season, and an investigation of that question is reported here. 

For this study records of food intake of one diet only were used, and as a 
larger number of records for our diet 13 (also known as diet B) were available, 
these were the ones selected. 

In 1925 a study of five year records for adult rats, six months of age and over, 
showed a seemingly significant difference in food intake in winter and summer 
months. This study was carried no further at that time. In this report all 
of the data on diet 13 experiments carried on from 1919 to 1929, and 1932 to 
1939 are included. 

These data were first organized into month groupings. The number of cases 
in each group was over 300 and a regular decline was seen from January to 
July, values going from 21 .4 calories per 100 grams of adult rat per day in January 
through 20.9, 20.7, 20.5, 20.3, 19.7 to a low of 19.1 for July, rising again through 
19.3, 20.4, 21.4, 21.2, to 21.5 for December. Since no difference great enough 
to be significant was apparent between any two successive months, these data 
are not given, but it is very evident that there was a distinct trend downward 
between mid-winter and mid-summer, and vice versa. 

If, instead of using a month interval, a 3-month interval is used as in table lA, 
this difference is Clearly seen. The largest number of calories per 100 grams of 
rat is required during the winter months, December, January and Februa^, 
the lowest during the summer months, June, July and August— this in spite 
of th«e fact that under our laboratory conditions there is very little difference 
between the room temperatures in the winter and in the summer. The intakes 
during the spring and fall are quite similar to each other and lie between those 

for winter and summer. j men 

The j|umber of cases in each of the four seasons is between 968 and 1066, 
large ettough and similar enough to justify statistical interpretation. Reference 
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to the table shows the difference between the average number of calories per 
100 grams of rat per day in the winter months and the summer months to 
1.9, with a probable error of 0.072. This difference, being over 26 times its 
probable error, is undeniably significant. 

The frequency distributions for these two periods are given in figure 1 . They 
show the smoothness of these distributions, and the shift of the mode in line with 
the change in the mean. 

The differences between winter and spring, spring and summer, summer and 
fall with their probable errors are; 0.8 ± 0.075, 1.1 ± 0.06, 1.6 d= 0.07, respec- 

TABLE 1 


Calories per 100 grams of rat per day by season 



DEC. TO EEB., INC. 

MAR. TO MAY, INC. 

JUNE TO AUG., INC. 

SEPT. TO NOV., INC. 

A. Adults 


997 

1066 

987 

968 


21.3 ±0.06 

20.5 ±0.05 

19.4 ±0.04 

21.0 ±0.05 

0 V 

12.5 

11.8 

10.5 

11.7 






B. Young growing rats 

5th and 6th week 

"Mn 

82 

101 

136 

172 


61.7 ±0.49 

48.7 ±0.39 

46.0 ±0.35 

48.8 ±0.33 

c V 

13.0 

12.0 

13.4 

13.4 

7th and 8th week 

82 

102 

135 

174 


42.0 ±0.31 

41.2 ±0.30 

39.6 ±0.30 

42.1 ±0.26 

C V. 

10.2 

11.1 

13.2 

12.1 







C 


5th to 8th week 

82 

101 

134 

173 

]V4pftn ± P.E 

46.8 ±0.37 

45.0 ±0.31 

42.7 ±0.29 

45.4 ±0.26 

c V 

10.9 

10.3 

11.8 

11.6 







tively. These differences are all many times their probable errors, hence un- 
doubtedly significant. This change in food intake as related to season is shown 
graphicaUy in figure 2A. 

The differences thus found for adults are so striking and show such a smooth 
distribution that it was decided to investigate the question of a possible seasonal 
effect upon food intake of the rapidly growing young rat. For reasons which 
will be apparent later, the 4-week period of most rapid growth, the 28th to 56th 
day of life, was selected. The food intake expressed as calories per 100 grams 
of rat is about double that of the adult rat during the first two of these weeks, 
and drops rather rapidly in the next two, for that reason the food intake is 
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usaally stated in 2-week intervals rather than 4-week as for adults. It is given 
in both ways for 3-month periods in table 1, B and C. 

It will be noticed that the same seasonal differences are observed for rapidly 
growing young as for adults, the food eaten per 100 grams of rat per day being 
significantly less in the 3 months June to August than for any other 3-month 
period, and highest in the 3 winter months. For the 6th and 6th week of life, 
t.Viig difference is 5.7, with a probable error of 0.6; for the 7th and 8th week, it 
is 2.4 with a probable error of Q.4. For the entire 4-week interval covering the 
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Fig. 1. Calories per 100 grams of rat per day 
Fig. 2. Intake by seasons 
Fig. 3. Gain of female rats, 28th-56th day of life 


5th to 8th wedc of life, the difference is 4.1 with a probable error of 0.47 . There 
difference fa® all statistically significant. The smoothness with which this 
graph pa rf ^ela that of the adults is seen in figure 2B., 

In 1S27 Dr. O. H. M. Gloy* showed' the growth of young rats to vary with 
season. finding of the seasonal difference in the food intake of both the 
adult and the young growing rat made it seem desirable to see how there were 
related to growth. As in the food calcul_ations for the young rat summarized 

‘ Glot, O. H. M. Dissertation, Columbia University, 1927. 
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above, the time interval from the 28th to the 56th day is used in computing early 
growth. 

Doctor Gloy^s data with a large number of additional cases covering the same 
period as in the adult study were used. These were grouped by monthly intervals 
first, then by seasonal 3-month periods. As in food int^^ke, no statistically signif- 
icant differences occur between successive months, so to save space only the 
3-month interval values are given in table 2. The greatest gain for both males 


TABLE 2 

Gain of young rats {28th to 56th day) as related to season 



DEC. TO FEB., INC. 

MAR. TO MAY, INC. 

JUNE TO AUG., INC. 

SEPT. TO NOV., INC. 

Males 

No. cases 

Mean zt P.E 

C.V 

159 

92.4 ±1.06 
21.8 

202 

88.9 ±0.86 
20.7 

305 

82.3 ±0.75 
23.9 

389 

83.6 ±0.66 
23.2 

Females 

No. cases 

Mean zt P.E 

C.V 

216 

70.4 ±0.63 
19.6 

289 

67.0 ±0.50 
18.9 

369 

64.1 ±0.46 
20.9 

517 

66.1 ±0.35 
18.1 

TABLE 3 

EMciency of food utilization in different season 

1 DEC. TO EEB., INC. 

MAR. TO MAY, INC. 

JUNE TO AUG., INC. 

SEPT. TO NOV., INC. 

A. Gain per 1000 calories 

No. cases 

Mean db P.E 

C.V 

83 

80.2 ±0.62 
10.6 

102 

81.2 ±0.55 
10.2 

137 

81.5 ±0.50 
10.8 

180 

76.7 ±0.48 
12.5 

B. Calories per gram gain 

No. cases 

Mean =fc P.E 

C.V 

83 

12.6 ±0.11 
11.9 

102 

12.4 ±0.09 
10.7 

137 

12.4 ±0.08 
11.2 

180 

13.2 ±0.08 
12.8 


and females was made in the three winter months, the lowest in the tl^ee sunder 
months. For the males this difference is 10.1 zb 1.30, with a critical ratio of 
7.8; for the females it is 6.3 zb 0.78, critical ratio of 8.1. Both of these differences 
are statistically highly significant. The shift in the modal group and the smooth- 
ness of the distribution is shown in the two frequency distributions for the 
females (fig. 3). Also, in the case of both males and females the gam m the 
spring is nearer that of the winter, while in the fall it rises only slightly above 
that for the summer. The close parallelism of data for the two sexes is shown 
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in figure 4. 'I^e drop from ttie winter to spring and spring to summer follows 
the drop in food consumption as shown in figure 2B, but the food intake in the 
fall rises to that of the spring figure, while the gain does not go up as rapidly. 

Whether there is a more eflicient utilization of the food at one season than 
another was determined by comparing gain per 1000 calories of food consumed, 
or its converse, the number of calories required to give 1 gram of gain, for the 
different seasons. No difference between month to month values appears 
statistically significant when standing alone, but there is ample evidence of a 
pofffinnRl difference as given in table 3 and shown in figure 5. It will be noted 
that the most efficient use of the food is in the summer months when the smallest 
gain is made, and the least food eaten. The least efficient 3-month period fol- 
lows this directly. The differences which are great enough to be statistically 
significant when standing alone are those between spring and fall, and summer 



Fig. 4 Fig. 6 

Fig. 4. Gain of young rats— 28th to 56th day— as related to season 
Fig. 5. Efliciency of food utilization in different seasons 


and fall. These differences do not correlate with differences in gain— whether 
this can be explained by a lag in the effect of food is uncertain. But in day to 
day observations over many years of study, it has been noticed that during a 
very hot period which immediately causes a lowered food intake, the loss of 
weight or slowing up of gain may not cpme until the following week, and vice 
versa when ^ sudden cold period causes an increase in food intake. 

SUMMARY 

A careful survey of food intake of a large number of rats maintained upon 
the same diet over a period of years shows the amount of food consumed to 
vary with the season of the years, the largest intake being in the winter months, 
the smallest in the summer months. The difference is unmstakably an actual 
differ^ce, it being many times its probable error. This is established for the 
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adult rat, 6 months of age and over, by data including over 900 cases for each 
3-mpnth season, and for the rapidly growing rat, 28th to 56th day of age, by 
82 to 173 cases. 

It is also shown that the rate of growth of the young rat varies in the same 
way, the greatest gain being made in the winter months, the least in the summer. 
This is established for both males and females by groups of 159 to 517 cases each. 
The food is used most efficiently in the summer as shown by gain made per 

1000 calories, least efficiently in the fall. 

These findings bring out more forcibly the importance of one rule that has 
always been followed in planning long time experiments in the Columbia lab- 
oratories— namely: that animals must be chosen to represent all seasons of 
the year so that such differences as those just reported will be ruled out. 
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Severe anemia due to pyridoxine deficiency has been produced in the dog (1) 
and pig (2). In pyridoxine-deficient rats, on the other hand, only a sli^t 
reduction in hemoglobin concentration has been found (3). This has caused 
some uncertainty regarding the importance of pyridoxine in erythropoiesis in 
the rat. 

In the present studies we have succeeded in producing a moderately severe 
anemia in a small percentage of pyridoxine-deficient rats. In addition, an 
impairment in the rate of red blood cell regeneration has been demonstrated in 
most pyridoxine-deficient rats by subjecting these rats to the stress of repeated 
hemorrhage. 

Experimental. Albino rats of Wistar and Osborne and Mendel strains were 
fed a pyridoxine-deficient diet no. 948^ at weaning. In experiment 1 rats were 
observed for the spontaneous development of anemia. In experiments 2 and 3 
rats were subjected to repeated hemorrhage in order to study the rate of red 
blood cell regeneration. The technic of Tabor, Kabat and Rosenthal (5) for 
bleeding small animals was used as before with minor changes (6). A volume 
of blood equivalent to 2 per cent of the body weight was removed from the tail 
of the rat each day for 3 consecutive days. Hematocrits were taken prior to 
each bleeding and at 2, 4, 6, 10 and 22 days after the last hemorrhage. The 
quantity of hemoglobin removed in bleeding was determined by an acid hematin 
method. 

Experiment 1, A group of 36 rats, including rats which served as pyridoxine- 
deficient controls in experiments 2 and 3, were fed the pyridoxine-deficient diet 
and observed during a 4 month experimental period. Micro-determinations 
(Van Allen) of the hematocrit were made at irregular intervals during this 
period. Three rats which died before hematocrit determinations were made 
were not considered. Since the 33 remaining rats were drawn from 3 separate 
experiments, the number of cases of spontaneous anemia noted in this group 
does not nec^arily indicate the true incidence. 

Marked anemia (hematocrit value of 27 vol. per cent or less) was noted to 

^ Diet no. 948 consisted of anhydrous dextrose 68.76 grams-, Crisco 8.0 grams, casein 
(Labco) 18.0 grams, ferric citrate (iron 18.09 per cent) 1.16 grams, copper sulfate (6HiO) 
0.08 gram, and salt mixture no. 550 (4) 4.0 grams. Into this diet were incorporated 1 mgm. 
of thiamine hydrochloride, 2 mgm. of ribofiavin, 4 mgm. of calcium pantothenate, 2 mgm. of 
niacin, 200 mgm. of choline chloride, 0.001 mgm. of biotin and 0.4 mgm. of 2-methyl-l,4- 
napfaithoquinone. Twice weekly each rat received a supplement of 0.25 cc. of corn oil 
containing 2000 units of vitamin A and 200 units of vitamin D (Natola) and once weekly 
3 mgm. of a-tooopherol in 0.03 cc. of ethyl laurate. 
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develop in 6 of the 33 pyridoxine-deficient rats (table 1). Hematocrit values 
under 40 voL per cent were observed in 5 of the other 27 rats. Two rats in 
which the hematocrit had progressively declined to values of 16 and 21 volumes 
per cent were treated with IOO7 of pyridoxine for each of 4 days^. The hematocrit 
values 4 days after the start of treatment were 31 and 39 volumes per cent and 
at 10 days were 42 and 47 volumes per cent respectively. One rat with a hema- 
tocrit reading of 25 volumes per cent and similarly treated had a value of 22 
volumes per cent 4 days after the start of treatment and died on the tenth day 
after the start of treatment. In the remaining rats with low hematocrit values 
which were untreated, no increase m the hematocrit values occurred until death. 

Granulocytopenia (less than 500 polymorphonuclear cells per cu. mm.) was 
noted in 4 rats in this group. Total white blood cell counts were 350, 1100, 
8850 and 9150 per cu. mm.; polymorphonuclear cell counts were 0, 50, 200 and 
450 per cu. mm., respectively. 

Dermatitis (mild to severe) was noted in most rats. Convulsions and paral- 
ysis were observed in onlj^ a few rats. 

TABLE 1 


Hematocrit values of pyridoxine-deficient rats 


LOWEST HEMATOCRIT VALUE 

NO. Of RATS 

NO. OF DAYS FROM START OF EXPERIMENT 

TO LOWEST HEMATOCRIT 

voL % 



16, 21, 23, 24, 25, 27* 

6 

62, 74, 33, 63, 55, 38 

33 , 35 , 36, 36, 38* 

5 

69, 53, 72, 33, 28 

40 to 54 

22 

49 to 120 


* These hematocrit values were noted after a progressive decline. Spontaneous increases 
in hematocrit were not noted. Figures for individual animals are given in corresponding 
order in columns for hematocrit and number of days. 


Experiment 2. Male, weanling rats (8 groups of 3 litter mates) were dis- 
tributed ^fccording to litter into 3 groups (A, B, C). The average weights of the 
3 groups were equal. Rats in all 3 groups were fed the pyridoxine-deficient 
diet. Rats in group B received a daily oral supplement by pipette of lOOy of 
pyridoxine hydrochloride. After this regime had been maintained for 28 days 
in order to develop some degree of pyridoxine deficiency in the non-supplemented 
groups (A and C), rats in group A and B were subjected to hemorrhage as de- 
scribed. Litter mates in group C were not bled and served as pyridoxine- 
deficient controls. Food intake was ‘‘paired’’ in each litter. 

Red blood cell regeneration was found to be much slower and less adequate 
in the rats (group A) fed the pyridoxine-deficient diet than in the pair-fed litter 
mates given the supplement of pyridoxine hydrochloride (group B) (table 2). 
Two rats in group A failed to regain normal hematocrit values even after a 22 
day recovery period. Pair-fed control rats (group C) not bled and not supple- 

^ Food intake during the 10 day period after the start of treatment was limited to the 
intake of the 10 day period before treatment. 
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TABLES 

Inadequate erythropoieeie follomng hemorrhage in pyridom-ne-defieierit rata, compared with 
pair~fed, litter matea auppUmenled with pyridoxine 


RAT NO.§ 


HEICATOCRIT values (VOL. %) 


Hemorrhage i;Mri9d* 


Values prior to, each hemorrhage 


Recovery period 


Values at 2, 4, 6, 10 and 22 days after 3rd hemorrhage 



1st hem. 

2iid hem. 

3rd hem. 

2 

4 

6 

10 

22 

Group A. t No pyridoxine supplement 

lA 

50 

33 

23 

25 

34 

37 

46 

50 

2A 

44 

34 

26 

26 

35 

40 

46 

43 

3A 

48 

31 

19 

17 

28 

Dead 



4A 

45 

31 

20 

18 

24 

30 

40 

48 

5A 

52 

33 

18 

15 

20 

30 

40 

50 

6A 

44 

31 

20 

16 

21 

22 

22 

30 

7A 

.41 

31 

25 

23 

Dead 




8A 

49 

32 

19 

20 

23 

26 

31 

32 

Average... . 

46.6 

32.0 

21.3 

I 

20.0 

26.4 

30.8 

37.5 

42.2 

Group B. 100 7 pyridoxine daily 

IB 

45 

34 

20 

27 

36 

41 

48 

42 

2B 

51 

38 

28 

29 

37 

44 

47 

45 

3B 

44 

32 

19 

26 

40 

45 

44 

48 

4B 

43 

28 

23 

26 

35 

41 

46 

48 

5B 

43 

34 

24 

27 

32 

35 

38 

44 

6B 

53 

34 

23 

24 

37 

43 

48 

54 

7B 

46 

34 

22 

29 

38 

40 

47 

52 

8B 

44 

35 

26 

31 

40 

43 

45 

45 

Average... . 

46.1 

33.6 

23.1 

27.4 

36. 7t 

41. 2t 

45. 3t 

46.3t 

S.E. diff. 11 

1.8 

2.5 

3.0 

4.2 



♦ The average total hemoglobin loss in group a was u.o< anv* axx 

t Einht rats (group C) were treated exa,ctly as litter mates in group A but were not bled- 
Average hematocrit values of rats ih group C at 35 and 53 days after starting the exjwn- 
mental diet were 48.4 and 42.3 volumes percent respectively. Food intake was paired 
according to litters in aU groups (A, B, C) . Average weights of rats in groups A, B and C 
were 38.3 39.6 and 39.6 gram^ respectively at the start of the experimental diet, 53.9, . 

and 53.8 at 28 days, and 55.2, 61.2 and 53.5 grams at 53 days after starting the expenmental 

'^'Tnematocrit values for rats, whose litter mates had died,- were not included in this 

average. * ’ 

§ Numerals indicate litter numbers; letters indicate groups. 

If Standard error of diffcjrence between averages. 

mented with pyridoxine hydrochloride all survived this period but did not 

develop anemia during this tim^. , c . .. j- * # 

Experiment 3. A group of 26 rats was fed the pyridoxine-deficient diet tor 
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TABLE 3 

Inadequate erythropoiesis following hemorrhage in pyridoxine-deficient rats compared with 
pair-fed^ litter mates supplemented with pyridoxine for only a limited period 


L. casei factor* administered to both groups 




HEMATOCKIT VALUES (VOL. %) 



•RAT NO. 11 

Hemorrhage period! 

Recovery period 


Values prior to each hemorrhage 

Values ai 2, 4, 6, 10 and 22 days after 3rd hemorrhage 


1st hem. 

2nd hem. | 3rd hem. 

2 1 4 

,6 

10 1 

1 22 


Group A 4 No pyridoxine supplement 


lOA 

62 

38 

25 

24 

30 

37 

41 

43 

llA 

45 

42 

27 

31 

38 

45 

49 

48 

12A 

45 

34 

22 

22 

27 

34 

41 

Dead 

13A 

43 

30 

18 

17 

27 

33 

42 

Dead 

14A 

42 

37 

33 

19 

23 

40 

Dead 


16A 

44 

32 

21 

16 

Dead 




16A 

43 

37 

25 

Dead 





17A 

47 

35 

26 

20 

30 

35 

44 

Dead 

18A 

43 

32 

24 

24 

33 

39 

43 

48 

Average... . 

i 

44.9 

35.1 

24.5 

21.911 

29.711 

38.01 

43.21 

46.31 


Group B. 100 7 pyridoxine daily § 


lOB 

IIB 

12B 

13B 

14B 

15B 

16B 

17B 

18B 

50 

52 

45 

41 
.54 

42 

45 

46 

47 

46 

40 

41 

40 

37 

37 

40 

39 

29 

27 

30 

28 

22 

28 

33 

31 

25 

32 

30 

35 

31 

32 

31 

40 

Dead 

32 

42 

41 

49 

38 

45 

33 

45 

42 

43 

43 

49 

43 

51 

36 

49 

47 

47 

48 

52 

42 

52 

49 

51 

51 

50 

50 

54 

48 

58 

52 

54 

52 

Average... . 

46.9 

40.0 

28.1 

31.91 

42.81 

46.011 

48.01 

50.71 

S.E. 




2.0 

2.6 

2.3 

2.3 



* Crystalline L. casei factor (10 gamma) was administered daily to all groups for 10 
days starting 2 days before the first hemorrhage. 

t The first hemorrhage was 36 days after starting the experimental diet. Average total 
hemoglobin loss in group A was 0.37 gram and in group B 0.43 gram. 

t Four rats (group C) were treated exactly as litter mates in group A but were not bled. 
The average hematocrit values at 33 and 45 days after starting the diet were 51 and 49 
volumes percent respectively. 

§ Pyridoxine supplements were started 2 days before the first hemorrhage, and continued 
throughout the remainder of the experiment. All groups were pair-fed after starting the 
pyridoxine supplement. 

^ Hematocrit values for rats whose litter mates had died were not included in this 
average. 

II Numerals indicate litter numbers; letters indicate groups. 

** Standard error of difference between averages. 
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33 days. At this time, the rats were distributed according to litters into 3 groups 
(A, B and C containing, 9, 9 and 4 rats respectively) of approximately equal 
average hematocrit values. (Four rats with hematocrit values under 40 volumes 
per cent were excluded from this experiment, and have been included in ex- 
periment!.) Rats in groups A and B were litter mates. Rats in group C were 

frcan 4 of the litters represented in groups A and B. Rats in group B received a 
daUy oral supplement of lOOr of pyridoxine hydrochloride. All groups received 
a special daily oral supplement of lOy of crystalline L. casei factor* (“fohc 
acid”) to make for a more complete vitamin supplement. After 2 days’ admmis- 
tration of these supplements, rats in groups A and B were subjected to hem- 
orrhage and rats in group C served as pyridoxine-deficient controls. The L. 
casei factor* supplement was administered for only 10 days; the pyridoxine 
hydrochloride supplement (to rats in group B) was continued throughout the 
remainder of the experiment. Food intake was “paired” m in experiment 2. 

The data pf this experiment (table 3) indicate that the inadequate erythro- 
poiesis in rats fed the pyridoxine-deficient diet was prevented by pyridoxine 
hydrochloride even when administration was begun only 2 days before the 

hemorrhage period. n 

Since both experiments 2 and 3 were conducted with litter mates identically 
treated except for pyridoxine supplements, the most important comparison is 
between a pyridoxine-deficient rat and its pair-fed, pyridoxine-supplemented 
litter mate. It is noteworthy, however, that in addition to these individual 
comparisons the average hematocrit readings of the supplemented group were 
significantly greater than those of the unsupplemented group during the period 
of red blood cell regeneration following hemorrhage (tables 2,3). 

Discussion. The importance of pyridoxine in erythropoiesis in the rat has 
been suggested by the work of Fouts and Lepkovsky (3) and indicated in the 
present studies by the occasional occurrence of a moderately severe anemia in 
rats fed a pyridoxine-deficient diet. Additional evidence has been obtained 
by subjecting rats fed this pyridoxine-deficient diet to the stress of repeated 
bleedings. An impairment in the rate of red blood cell regeneration has been 
found uniformly in these rats when compared with litter-mate, pair-fed controls 
supplemented with pyridoxine. This erythropoietic inadequacy was prevented 
by pyridoxine even when administration was begun only 2 days before the start 

of hemorrhage. -i * ..u 

These findings for pyridoxine are similar to, though less stnkmg than, those 

reported for L. casei factor (“folic acid’O (6). In those studies the bleeding 
technic was likewise used to manifest an erythropoietic failure which usually 
remained latent. 

SUMMARY 

1. Moderately severe anemia has been found to occur occasionally in py- 
ridoxine-^eficient rats. — 

•The crystalline material was furnished through the courtesy of E. L. R. Stokstad, 
B. L. Hutchings and N. H. Slobodkin of Lederle Laboratories. 
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2. A latent erythropoietic inadequacy indicated by an impainnent in the 
rate of red blood cell regeneration after hemorrhage has been demonstrated in 
pyridoxine-deficient rats. 
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The evidence for the toxemic theory of shock elaborated by Cannon and 
Bayliss (1, 2) and the subsequent controversies over this theory need not 
reviewed here. In later attempts to find convincing evidence that a toxemic 
factor exists, blood and tissue extracts from both normal animals and from 
those that had been subjected to shock producing manoeuvres have been in- 
jected into other animals. In addition, attempts have been made to induce 
shock by crossed circulation and the perfusion of animals with blood from the 
traumatized tissue of another animal. Mclver and Haggard (3) established a 
crossed circulation between a cat and the previously traumatized legs- of another 
cat. In 9 out of 12 such experiments the blood pressure fell to a shock level 
(a persistent mean pressure of below 70 mm. Hg), whereas in 4 out of 5 controls, 
using untraumatized legs, it did not. The exjjeriments lasted from ^ to I5 
hours and there were no deaths. Vaccarezza (4) having produced a theimal 
injury to the leg of one dog (A) made a vascular union with another dog (B) 
so that the blood from the injured leg perfused dog B but not the rest of dog A. 
Clotting in the .system terminated the crossed circulation within “a' few hours.” 
In the 2 experiments performed, dog B died in 5 and 8 hours respectively, at 
which time dog A was still alive. The control experiment of perfusing through 
a normal leg was not performed, nor was the possibility of death from embolism 
ruled out. Fender and Guptill (5), criticizing these findings, repeated Vac- 
carezza’s experiments with negative results. Kendrick, Essex and Helmholtz 

(6) perfused dogs with oxygenated blood from the normal and traumatized 
legs of other dogs. In two control exixjriments, using blood from normal legs, 
no appreciable change in blood pressure or hematocrit occurred during the 
experimental period of 3 or 4 hours, but the recipient animals died at 8 and 18 
hours respectively after the experiment. In four experiments where traumatized 
limbs were used, two animals died during the experimental period, while a 
third dog died 8 hours and a fourth 15 hours after the experimental period. The 
authors stressed the lack t)f severe reactions in the control animals during the 
period of observation, and concluded that their experiments “furnish suggestive, 
but not conclusive evidence for the toxemia theory of shwk.” Best and Solandt 

(7) in a report on therapy in shock, state “we have shown that the blood of 
a shocked d<« will frequently, when passed in large quantities into a normal 
dog through a special pressure separating exchange transfusion pump, produce 
a fall in the blood pressure of the normal dog. In every such case the exchange 
of the bloods of the two animals, prior to the onset of shock, had no effect on the 

' Aided by a grant from the Charlton Research Fund, 
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blood -pressure of either.” On the basis of these and other considerations, Best 
and Solandt favored the view that a circulating toxemic factor exists. We have 
recently (8) reported on the production of tourniquet shock in the rabbit with a 
fairly predictable survival time. The present communication deals with the 
transmission of this form of shock to another animal. 

Methods. Rabbits weighing 2 to 3 kilos were used. Anesthesia was m- 
duced by 15 mgm. of nembutal intravenously, and was lightly maintamed by 
the concomitant administration of 1 .5 grams of urethane per kilo subcutaneo^ly. 
Rarely additional small amounts of nembutal were required, but deep anesthesia 
was avoided. Heparin (Abbott)^ was added from time to time to prevent 
clotting, about 3 mgm. per kilo per hour being given. This precaution is 
particularly advisable in the rabbit. Its administration has no effect on the 
development of tourniquet shock. We established a vascular union between 
the general circulation of one rabbit (the recipient) and the hind legs of another 
(the donor), a certain amount of lumbar and sacral tissue being unavoidably 
included in the circulation of the latter. In the test experiments the legs ol 
the donor were subjected to tourniquet occlusion of 2.1 ± 0.2 hours duration; 
in the control experiments they were not. On the other hand, a certam ce ay 
between shutting off the circulation to the legs of the donor and establishing a 
crossed circulation was inevitable. We were able to reduce this anoxia to 28 
minutes, and to keep it constant to within 5 minutes. The technique of es- 
tablishing the crossed circulation was a modification of that of Mclver air 
Haggard and a standard procedure was evolved with three mam objects: 1, to 
keep the above mentioned pericsl of anoxia in the legs of the donor sma and 
constant; 2, to avoid hemorrhage; 3, to avoid clotting. The procedure follows. 
1, both animals anesthetized; 2, doiior: 3 mgm. per kgm. heparin; 3, donor. 
tourniquet applied to Imth legs (in “shock” experiments); 4 reciptcrd: right 
femoral artery, left common carotid artery and left external jugular vein dissectet 
out; 5, donw: (a) abdominal aorta and vena cava dissected out tor a distance o 

2 to 3 cm. about halfway between renal vessels and bifurcation of iliacs; (b) 

3 mgm. per kgm. heparin ; (c) right carotid cannulated for bleeding. 0 , recijnen . 
(a) right femoral artery cannulated for blood pressure; (b) left femoral vessels 
tied to exclude from circulation; 7, donor: (a) abdominal wall including skin 
clamped with overlapping Kelly clamps to prevent oozing, and cut diagonally 
from symphysis pubis to lumbar muscles below ribs; (b) mesentery and gut tied 
and cut away; (c) aorta and vena cava cannulated, (d) vin\ov coic le * ' Y 
around lumbar muscles below kidneys; (e) animal bled to death into flask from 
carotid (see text); (f) tourniquets released (in “shock” experiments); (g) uppex 
part of body cut away, the spinal canal lieing plugged with gauze; 8, crossed 
circulation connections, consisting of 2 lengths of z-shaped, 3 mm bore glass 
tubing about 25 cm. long, plus rubber tubing, attached to appropriate cannulae 
without releasing flow; 9, domr: legs “tilled” with heparinized blood (see text). 

10, crossed circulation established. . j j 

The blood pressure of the recipient animal was continuously recorded, and 

» We are indebted to the Abbott Laboratories for a generons supply of heparin. 
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hematocrit observations were made from time to time. The circulation time 
between the animals was noted at intervals by observing the time taken for an 
introduced small bubble of oxygen to traverse the glass tubing (of known volume) 
between the femoral vein of the donor and the jugular of the recipient. This 
procedure, incidentally, also served to verify the fact that the crossed circulation 
was still functioning. 

Results. These are summarized in table 1. The experiments are divided 
into two groups. In the first of these, the crossed circulation was established 
without making any attempt to counteract a possible loss of blood from the 
recipient in to the legs of the donor. With the severance of the don or ^s spinal 
cord, a large increase in the circulatory capacity of the legs was to be anticipated. 
That the recipient did actually “bleed” into the legs of the donor was indicated 
by an immediate and almost invariable sharp fall in the blood pressure when the 
crossed circulation was established. This fall averaged 34 mm. Hg in the 
control experiments and 28 mm. Hg in the experiments in which a tourniquet 
had been previously applied to the legs. Usually the blood pressure tended to 

TABLE 1 


Survival limes in tourniquet shock transmitted by crossed-circulation 



CONTROL—NO TOURNIQUET 

ON LEGS OF “donor” ' 

TEST-— TOURNIQUET FOR 2 HRS. 

ON LEGS OF “donor” 

1st group (No blood added 

6.7 dbl.6 hrs.* 

3.1 ±0.4 hrs.* 

to legs of ^^donor^O 

(8 expts.) 

(6 expts.) 

2nd group (Blood added to 

15.5 ±2.3 hrs.* 

4.3 ±0.4 hrs.’" 

legs of ‘^donor’O 

(7 expts.) 

(7 expts.) 


* After establishment of the crossed-circulation. 
± Indicates standard mean deviation. 


rise again, though not ordinarily to the previous level. Under these conditions, 
the average survival time of animals that received blood from legs that had 
previously been occluded was 3.1 ±0.4 hours. The survival time of the animals 
who were cross-circulated with blood passing through non-occluded legs was 
6.7±1.6 hours. While these differences in timg are possibly of statistical signif- 
icance, they were not very satisfactoty as proof of the transmission of a shock- 
producing factor. 

Since the anesthetized animal with a mock operation will live, on the average, 
more than 24 hours, we felt the comparatively short survival in the control 
experiments to be due chiefly to. two factors: the anoxia of the donor’s legs for 
about I hour, and the “bleeding” into these legs from the recipient animal. In 
a second group of experiments, therefore, we bled the donor to death from the 
carotid, as indicated above, and introduced this heparinized blood, amounting 
to 30 to 35 cc., into the legs of the donor, at a pressure corresponding to the mean 
blood pressure of the recipient, before establishing the crossed circulation. It 
should be emphasized that all of this blood flowed in freely and the leg vessels un- 
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doubtedly would have held more. Nevertheless, with this change in technique, 
the immediate fall of blood pressure on establishing the crossed circulation was 
almost abolished (to an average fall of 6 mm. Hg). The survival time of the 
animals receiving blood from occluded legs was increased from 3.1 to 4.3 =t 0.4 
hours. This change was not marked, and indicated that though the ' ‘hemorrhage^ ’ 
had played a part, the dominant factor was still the occlusion of the donor’s 
legs. This survival time is practically the same as the 3.8 hours which we have 
previously shown (loc. cit.) to be the average survival time of animals whose 
own legs had been occluded for a 2 hour period. In the control experiments of 
this second group, the animal receiving blood from non-occluded legs survived 
an average of 15.6 db 2.3 hours in 7 experiments. That this group did not sur- 
vive as long as simply anesthetized and mock-operated animals is perhaps 
largely due to the unavoidable | hour anoxia of the donor’s legs. 

We have previously observed that in rabbits dying of shock following tour- 
niquet occlusion, the hematocrit changes were negligible. The same is true 
in the recipient animals during the present experiments, the changes averaging 
—0.7 zb 0.9 in the “shock” animals and —3.6 zb 0.3 in the controls. Hence 
loss of fluid from the circulation could not have been the cause of death in these 
experiments. 

The blood pressure records showed nothing of special interest except that the 
fall before death tended to become precipitous when the pressure reached a level 
of 30 to 40 mm. Hg. The flow througli the crossed circulation quickly stabilized 
itself at a rate, very roughly estimated, of 4 to 5 cc. per 100 grams of leg tissue 
per minute. As time went on there was a gradual tendency to fall. There 
was no particular difference in the flow as between the control and the test 
experiments save as to duration, marked slowing of the circulation beginning 
to occur, as a rule, about an hour before death. 

SUMMARY 

1. The hind legs of rabbits were subjected to tourniquet circulatory oc- 
clusion, and then a crossed circulation was established between them and the 
general circulation of recipient rabbits. 

2. The survival time of the latter was similar to that of animals whose own 
legs had been occluded for the same length of time. Hematocrit changes were 
negligible. 

3. The evidence obtained indicates that a shock-producing factor was trans- 
mitted in the blood. 
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The several physiological signs of vitamin A deficiency in mammals are too 
well recognized to require further description. Failure of growth and paralysis 
of the -hind limbs in the young and xerophthalmia m both young and adult 
animals occur only after a prolonged period of complete deprivation of the 
vitamin, while night blindness and continuously comified cells m the -ragina ot 
the female are less obvious signs and occur earlier in the course of the deficiency. 

Both the occurrence and accurate measurement of night blindness in humans 
have been subjected to extensive study and the results have been used in t le 
evaluation of their vitamin A status and requirements. It is assumed in these 
studies that an elevated threshold for dim light is evidence of the exhaustion 
of the vitamin A reserves of the liver; the len^h ot time on the deficient diet 
required to produce this hemeralopic condition- is regarded as a rough measure 
of the previous vitamin A reserves of the .subject. It is obviousdy impossible 
to test these assumptions experimentally in human beings, though it wou ( le 
of great interest to be certain of these facts. For this reason albino rats were 
used to determine the amount of the hepatic stores of vitamin A in « 

showing symptoms of night blindness and of xerophthalmia In addition, 
growth rates, oestrus cycles in the females, scotopic visual thresholds and vitamin 
A content of the livers were studied in rats receiving cod liver oil at several 


different levels of vitamin A intake. ,+01 

Experimental. General plan of the experiment. Albino rats, weaned at 21 
to 25 days, when weighing 30 to 45 grams, were placed on a vitamin A-free diet 
composed of 18 per cent extracted casein', 53 per cent cornstarch, 15 per cent 
brewer’s yeast, 4 per cent Osbome-Mendel salt-mixture, 10 per cent cottonseed 
oU and irradiated ergosterol to supply three units of vitamin D value to each 
gram of diet. The experimental animals were offspring of mothers whose diet 
was somewhat limited in vitamin A content, thus insuring small vitamin A re- 
serves in the young. From 3 to 6 animals were housed in a single large cage with 
raised screen bottom; the temperature of the room was relatively constant, 
varying from 76° to 80°F. Food and water were .supplied ad libitum. Ihe 
animals were divided into 4 groups of at least 20 rats each, mate and females 
being equally represented. Litter-mates were distributed evenly throughout 
the groups. Each group received cod liver oil at a different level of vitamin A 

1 This research was supported by an appropriation from Bankhead- Jones funds (Bank- 
head-Jones Act of June 29, 1935). A preliminary report of this work was made before the 
Washington Chapter of the Society for Experimental Biology and Medicine in November 


1941. 
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intake. Since the vitamin A requirement of animals shows a more nearly con- 
stant relation to weight than to any other bodily characteristic, the rats were 
weighed and the amount of vitamin A to be fed calculated on the basis of this 
weight once a week. Goss and Guilbert (1) have estimated that 18 to 22 units 
of vitamin A per kilogram of body weight per day will satisfy the rat’s minimal 
needs for this dietary essential. This average minimal amount of 20 units per 
kilogram per day of vitamin A was given to one group and 30, 50, and 80 units, 
respectively, to the other three. The rats continued on this regimen until they 
were adult. As soon as the vagina opened, examinations were made at intervals 
on each female to determine whether the oestrus cycles were recurring normally. 
Several animals from each group were conditioned to respond to dim light and 
their visual thresholds measured. At approximately 275 days, when active 
growth had definitely ceased, some of the rats were killed and the amount of 
vitamin A in the livers measured. At this time the liver stores, even in animals 
on the higher levels of intake, were so meager that the remaining rats were kept 
to approximately 305 days of age, and at this time several of the animals that 
had been trained to respond to light were deprived of the vitamin A supplement 
and tested for hemeralopia at frequent intervals. 

When the vi.sual thresholds were abnormal Ireyond a doubt, some of these 
rats were killed and the livers analyzed. Th(i remaining Iwuneralopic lats were 
continued on the vitamin A-free diet until xerophthalmia appeared before 
analyzing the livers. The untrained rats which remained were killed for liver 
analysis. Later, a second series of experiments was begun using three groups of 
animals which were given 10, 15, and 20 units of vitamin A pei- kilogram of body 
weight per day, respectively. The above pr(x;edure was followed except that no 
animals were depleted. 

Preparation and feeding of supplement. U.S.P. reference cod liver oil no. 1 
diluted with cottonseed oil containing 0.01 per cent hydroquinone, was used to 
supply the vitamin A supplements. Calculatioas of the amount of the reference 
oil to be fed were based on the assigned potency of 3000 international units per 
gram. Fresh dilutions of the stock oil were prepared every ten days and were 
stored at 0°C. between feedings. 

Vaginal examinations. At intervals, beginning at the time of vaginal opening, 
the vaginal secretions of the female rats in this series were examined micro- 
scopically without staining. 

Visual threshold measurements. It has been demonstrated by many investi- 
gators that responses ba-sed on brightness differentiation are easily acquired by 
the albino rat and that this particular kind of discrimination is fundamental 
for this species of animal. An apparatus very similar to that described by Slater 
and Munn (2) was built and used to determine the absolute threshold of the rat’s 
dark-adapted eye. 

The apparatus consisted, briefly, of a discrimination chamber who.se floor 
sloped gently toward two stimulus patches separated by a narrow partition. 
ITie stimulus patches consisted of six-inch squares of flashed opal glass each of 
which could be illuminated separately from below. In front of the stimulus 
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patches was an electric grid through which a weak current, just sufficient to give 
a moderately unpleasant sensation to the feet of the rat, could be passed. Each 
of the stimulus patcheij formed the top of a light-tight box to the other end of 
which was fitted a slide carrying a seven watt Mazda lamp with an arrangement 
for placing filters and a diaphragm in front of it. The light was reflected upward 
through the glass plates by means of mirrors set at a 45® angle below them. The 
upper part of the apparatus was painted a dull black, while the inside of the light 
boxes was given several coats of white sphere paint which made an excellent 
surface for reflecting the light evenly over the entire plate. Tests made with the 
Macbeth illuminometer showed that the differences in brightness between the 
center and edges of the plate were negligible. The intensity of the light was 
varied by means of a series of decimal filters in combination with a calibrated 
diaphragm. The actual experimental lights used were of too small intensity 
to be measured directly. Instead, the lamp was calibrated without filters and 
with the diaphragm opened fully ; the intensity of the experimental light was then 
calculated from the brightnf 3 ss of the lamp, the density of the filter, and the size 
of the aperture of the diaphragm. 

The rat was trained to respond positively to light in the following way. He 
was presented with one stimulus patch light and the other dark. When he 
chose to go to the light side, there was a reward of food at the other end of the 
passage, but when the dark side was chosen, punishment followed in the form 
of a shock from the electric grid and food was withheld. After 100 to 200 trials, 
the rat would invariably choose the light and when he was responding with an 
accuracy of 100 per cent he was considered to be trained. 

During the course of the tests the light was shifted from one side of the ap- 
paratus to the other in random order. The light patch was then reduced in 
intensity gradually until the point was reached at which the animal was respond- 
ing with an accuracy of 80 per cent, but below which he was making many more 
errors. Each threshold reported here represents the average of 30 to 50 trials 
at ^ the particular brightness on several days. Care was taken at all times to 
guard against all auditory or other cues which the animal might use in judging 
the correct response. If one persisted in presenting a light which was subliminal, 
the rat would finally refuse to run altogether or would indulge in aimless jumping. 
Morgan (3) has shown that the time required for complete dark adaptation is 
much longer for rats than for humans. For this reason, the rat was dark adapted 
for an hour bMore each test. 

Ldver analysis. The vitamin A content of the unsaponifiable fraction of the 
livers of the experiinental animals was determined by means of the antimony 
trichloride reacticm, using the Evelyn photoelectric colorimeter. The gal- 
vanometer refilings were converted to vitamin A units by the use ol a reference 
curve, derived from 20 analyses of the unsaponifiable fraction of refereiice cod 
liv#.oil no. 1. Comjdete absorption cu^es of a number of these unsaponifiable 
fractions were made by means of a Hilge^ constant wave length photoelectric 
spectrophotometer for comparison with the blue unit values. 

Results. Orowth and physiological condition of the animals. It appeared 
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possible that a deficiency of dietary vitamin A might influence the weight gain 
of the rat at one particular period of growth more than at another. Accordingly 
for purposes of statistical analysis, weight gains made by the animals in each 
experimental group during 52 weeks of life have been divided according to five 
periods of time during each of which the rate of gain was relatively uniform, as 
shown by the characteristic slope of the growth curve at each period. The times 
studied represent weaning to 9 weeks, 9 to 13 weeks, 13 to 26 weeks, 26 to 36 
weeks, and 36 to 52 weeks of age, respectively. A summary of the averages 
of these weight gains as well as of the occurrence of oestrus cycles in the females 


TABLE 1 

The relation of vitamin A intake to growth response, oestrus cycles and visual threshold 

in rats 


VITAMIN 

A 

INTAKE, 

AVERAGE WEIGHT GAINS FOR SUCCESSIVE STAGES OF GROWTH, IN GRAMS PER 
WEEK, WITH STANDARD ERROR 

OESTRUS 

VISUAL 

THRES- 

FED AS 
COD 
LIVER 
OIL 

Period I 
Weaning- 9 wks. 

Period II 
9-13 wks. 

Period III 
13-26 wks. 

Period IV 
26-36 wks. ] 

Period V 
36-52 wks. 

CYCLES 

HOLDS* 
LOG un 
LAMBERTS 


(f 

9 

cf 

9 

ci' 

9 

cf 

9 

cf 

9 

9 

cf 

9 

units/ 
kg. /day 














10 

17.0rt 

15. 0± 

11. 2± 

8.3± 

6.0d: 

2.6d: 





100% con- 

4.5 

4.2 


1.27 

0.67 

1.24 

0.G4 

0.78 

0.12 





tinuous 

cornified 

cells 

4.9 

4.8 

15 

19. 8± 

15. 9± 

13. 5d: 

9.1± 

6.4± 

3.7± 





Some oorni- 

3.5 

3.9 


0.64 

1.25 

0.64 

0.64 

0.49 

0.13 





bed cells 

4.0 

3.2 












in all 


3.5 












smears 



20 

21. 3± 

15. 8± 

15. 0± 

8.7± 

6.3=t 

3.2± 

4.2± 

2.4± 

1.5± 

0.90± 

Normal 

2.6 

3.4 


0.98 

0.42 

0.70 

0.39 

0.43 

0.23 

0.45 

0.33 

0.21 

0.44 


3.2 

3.2 













3.5 

3.2 

30 

21. 5± 

15. 6± 

16. 3± 

9.3=t 

6.9± 

3.4± 

3.6± 

2.0it 

1.7zt: 

0.90± 

Normal 

2.6 

2.5 


0.86 

0.56 

0.72 

0.44 

0.29 

0.12 

0.38 

0.76 

0.90 

0.10 


3.5 

3.2 













3.7 


50 

22. 2± 

17. 0± 

18. 3± 

9.9=b 

7.2± 

3.5± 

4.6db 

2.6± 

2.7± 

1.6± 

Normal 

3.5 

3.3 


0.93 

0.81 

1.11 

0.30 

0.30 

0.19 

0.40 

0.60 

0.22 

0.40 


3.6 

3.6 













2.5 

3.5 

80 

23. 6± 

18. Idb 

18. 8± 

9.4± 

6.6=b 

3.2=t 

4.6± 

2.0± 

2.0± 

1.3± 

Normal 

2.5 

3.4 


1.21 

0.36 

1.24 

0.38 

0.39 

0.20 

0.48 

0.25 

0.61 

0.42 


3.5 

2.6 













3.6 

3.2 


* Values given are for individual rats, since the number of individual animals it was feasible to train and test was 
necessarily limited. 


and visual thresholds of the individual rats on which such determinations were 
made, is given in table 1 . 

Individual t-tests were applied at each level of vitamin A intake for each 
pericxl of growth. From this analysis, the effect of increasing amounts of 
dietary vitamin A appeared to be limited entirely to the periods from weaning to 
9 weeks and from 9 to 13 weeks of age, that is, the time of active growth. 

During the 9 weeks immediately following weaning, growth was significantly 
retarded in both male and female animals by levels of 10 and 15 units per kilo- 
gram body weight, as compared with the higher levels of vitamin A intake. In 
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this period of most rapid growth, the male animals appeared to be less sensitive 
to increasing amounts of vitamin A above the 20-unit level than did the females. 
There was a significant increase in rate of weight gain only tetween the 20- and 
80-unit levels in the males, while the females showed significant increases between 
both 30 to 60 and 30 to 80 units of vitamin A per kilogram b(^y weight. This 
difference in sensitivity between the sexes was reversed during the followmg 
period, when growth was somewhat slower. At this time the male animals 
showed significant differences between all levels except the 50- to 80-unit inter- 
vals while no significant differences between the several levels of intake were 
exhibited by the females. 

Examination of the vaginal smears of female animals receiving vitamm A 
at the tO-unit levCl showed large numbers of comified cells at all times. In fact, , 
it was impossible to follow the oestrus cycles without staining. Thwe receiving 
15 units exhibited some comified cells in all smears, though not in sufficient 
numbers to obscure the normal cycles. Animals on the higher intake.s were 
completely normal as far as vaginal contents were concerned, thus confirming 

the work of G^s and Guilbert (1). • . i i, i 1 1 

Under the conditions of this experiment, the normal scotopic visual threshold 
of the rat appeared to be slightly higher than that reported for human beings. 
It is possible that the experimental procedure necessary to the determination 
in the rats has a tendency to give results which are somewhat high. Visual 
thresholds of animals on the two lowest levels of intake were elevated in relation 
to those on the higher levels. 

In connection with the question of general physical well-being, two turther 
observations are of interest. The rats on the two lowest levels of vitamin A 
intake had rough hair and the teeth were chalky white, with no sign of the usual 
orange pigmentation. Wolbach and Howe (4) have described the same condi- 
tion in their vitamin A-deficient rats and ascribe it to a loss of the enamel layer 
and a change in the composition of the dentine. 

In addition, the incidence of middle ear disease, which we have observed to be 
somewhat higher in the stock animals receiving limited amounts of vitamin A 
for the purpose of breeding young for bioassay, than in the stock colony as a 
whole, decreased with the increase of vitamin A intake and was greater in the 
males than in the females in almost evei^ group. With the intake of 10 units 
per kilogram per day, the proportion of the group succumbing to middle ear 
disease was 44 and 38 per cent; with 15 units, 25 and 40 per cent; with 20 units, 
40 and 18 per cent; with 30 units, 21 and 8 per cent; with 50 units, 13 and 0 per 
cent; and with 80 units, 8 and 10 per cent for the males and females, respectively. 

Vitamin A stores in the liver. In table 2 is presented a summary of vitamin A 
stores of thet;animals on the four higher levels of vitamin A intake. The amounts 
of vitamin A stored were extremely meager in the rats receiving the vitamm 
at the 20-, 30-, and 50-unit levels. It is well-known that the Carr-Price reaction 
is nbt specific for vitamin A, and it was found in th^e experiments that all of the 
complete absqrption curves of the liver extracts with the exception of the ones 
derived from livers of rats in the 80-unit group, gave marked indication of the 
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preseace of substances other than vitamin A absorbing strongly in the region of 
328 m/i. For this reason little quantitative significance can be attached to the 
actual figures except at the 80-unit level, though such differences as occur are 
in the expected direction. At the 80-unit level, measurable reserves are accumu- 
lated, although even they appear small in comparison with the tens of thousands 
of units which the rat liver is capable of storing. Goss and Guilbert (1) have 
reported similar results from experiments extending over a shorter period of time 
and in which they used animals which were first depleted of their stores to the 
point of the appearance of cornified vaginal cells. Baumann, Riising, and 
Steenbock (5) have shown that a smaller percentage of a large single dose of 
vitamin A can be recovered from the livers of animals that have been depleted 
than from normal animals. It was for this reason that these experiments were 
begun with weanling rats having small reserves, rather than with depleted and 

TABLE 2 

The relation of vitamin A intake to vitamin A content of the livers of rats 


AVERAGE VITAMIN A CONTENT OF LIVER WITH STANDARD ERROR 


VITAMIN 

A 

INTAKE 
FED AS 
COD 
LIVER 
OIL 



Animals 275 days old 


Animals 365 days old 

No. of 
animals 

Units/whole liver 

Units/gram liver 

No. of 
animals 

Units/whole liver 

Units/gram liver 

cf 

9 

cf 

9 

cf 

9 

cf 

9 

cf 

9 

cf 

9 

units! 













kg. /day 













20 

3 

2 

3.6 

4.8 

0.36 

0.76 

4 

6 

6.5 

8.5 

0.76 

1.2 




dbO.19 

±0.40 

±0.016 

±0.059 



±0.28 

±0.11 

±0.042 

±0.25 

30 

6 

5 

4.3 

4.9 

0.46 

0.75 

5 

7 

5.9 

7 0 

0.61 

1.01 




±0.47 

±0.67 

±0,060 

±0.100 



±0.87 

±0.67 

±0.070 

±0.078 

50 

7 

4 

8.4 

5.7 

0.81 

0.87 

5 

6 

14.2 

17.4 

1.19 

2.51 




±1.46 

±1.02 

±0.12 

±0.092 



±2.78 

±4.37 

±0.15 

±0.82 

80 

5 

3 

45.5 

62.4 

4.65 

12.2 

5 

6 

98.4 

104.6 

9.0 

15.9 




±42.6 

±30.0 

±2.64 

±6.20 



±34.2 

±41.6 

±4.10 

±6.12 


therefore physiologically abnormal animals. Analyses of the combined livers 
of eight male weanling rats and of three females gave an average value of 22.3 
units per gram or 22.0 units per liver for the males and 23.8 units per gram or 
24.4 units per liver for the females. Thus, the amount of the vitamin A in the 
livers of the rats on the three lower levels of vitamin A actually decreased from 
the time they were weaned until they were killed. 

From these results it appears that until four times the so-called “minimum^ ^ 
dose of vitamin A is present in the diet of the rat, no measurable reserves are 
accumulated in the liver. It also may be noted that in spite of their smaller 
body size and hence lower vitamin intake, and the smaller size of the liver, the 
amount of vitamin A stored is greater in the females than in the males, not only 
on a per gram but also on an absolute basis. 

Depletion of vitamin A stores. In table 3 may be found a summary of the 
observations made on the selected animals transferred to the unsupplemented 
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vitamin A-free diet after 366 days on one of the four highest levels of vitamin A 
intake. Continuous comification appeared in the Vaginal smears of the females 
so depleted immediately after the occurrence of hemeralopia, and was followed 
considerably later by the appearance of xerophthalmia. It is of interest that, 
althou^ liver stores of vitamin A are considerably larger in the female than in 
the male, the female appears to deplete more quickly than does the male. Since 
the number of animals used in this portion of the experiment is small, the evi- 
dence is not conclusive; however, this result is not incompatible with the ob- 
servation that the female is more sensitive to a relative deficiency of dietary 
vitamin A at an earlier period than is the male. The vitamin A content of the 


TABLES 

The relation of premoue vitamin A intake and liver etores in depleted rate to the appearance of 

hemeralopia and xerophthalmia 


EXPESIHENTAL ANIMAL AND 
VITAinN A INTAKE 

VISUAL THRESHOLDS 

DEPLETION TIME REQUIRED 
TO PRODUCE: 

VITAMIN A CONTENT OP 
LIVERS AT APPEARANCE OF: 

Normal 

Hemeralopic 

Hemeralopia 

Xeroph- 

thalmia 

Hemeralopia 

Xeroph- 

thalmia 


logtktt 

lamherts 

logftfi 

latttiierts 

days 

days 

uniU/whole 

liver 

units/whole 

liver 

20 units/kg./day 







6526 & 

3.5 

4.6 

9 

23 


5.2 

6772 & 

2.6 

4.3 

10 

34 


5.8 

7037 9 

3.2 

4.2 

5 

26 


13.3 

30 units/kg./day 






* 7.8 

6635 9 

2.6 

3.9 

10 

50 


6771 cf. 

3.5 

4.6 

38 


13.3 


60 units/kg./day 





6.0 


6773 9 

3.3 

4.1 

48 



6770 o’ 

2.6 

3.9 

48 


7.6 


80 units/kg./day 







6774 9 

3.4 

4.6 

65 


7.2 


6769 & 

3.6 

4.7 

83 

112 


5.0 









livers of animals in a condition of mild vitamin A deficiency differed little from 
that of animals with xeroplithalmia and neither was different from values for 
liver stores found in apparehtly normal animals receiving up to 50 units of vita- 
min A per kilo^am per day. The fact that the 30-unit and 50-unit levels of 
intake prolonged considerably the time necessary to produce physiological 
symptoms qf vitamin A deficiency, although the liver stores were not significantly 
different frcan those of the animals receiving 20 units of vitamin A, leads one to 
the conclusion that tbe needs of the body tissues which must be satisfied before 
Ihere is any excess vitamin A available for liver storage must be of co^iderable 
magnitude. It also suggests the possibility that lack of vitamin A may effect 
certain bodily changes, as yet undiscovered, which would serve as a still more 
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sensitive indicator of vitamin A deficiency than those we rely upon at present. 
With this idea in mind the brains, spinal cords, and some of the larger nerves of 
rats from each group were stained by the Marchi technique and examined for 
signs of degeneration, following the work of Wolbach and Bessey (6). However, 
no such signs appeared in any of the animals which had either been raised on the 
low levels of vitamin A or depleted after they were adult. Extensive degenera- 
tion, as described by these authors, could be demonstrated in rats depleted to 
the point of declining weight during the time just after weaning by a diet entirely 
devoid of vitamin A, i.e., as for bioassay. 

CONCLUSIONS 

Groups of weanling albino rats fed a vitamin A-deficient diet supplemented 
with 10, 15, 20, 30, 50, and 80 units of vitamin A per kilogram body weight, 
respectively, give evidence that growth is inhibited in both males and females 
at the two lowest levels. During the 9 weeks immediately following weaning, 
females show further significant improvement in growth rate when the intake 
is raised from 30 to 50 and from 50 to 80 units per kilogram, while males show a 
significant difference only when the intake is raised to the 80-unit level. In 
contrast, during the next period the females show no significant difference while 
the males give evidence of an enhanced growth rate at the higher levels of dietary 
vitamin A. 

The scotopic visual threshold of normal albino rats, as determined by the 
brightness discrimination test used, lies between log 2.6 to 3.5 mm lamberts. 
Hemeralopia appears as the first detectable sign of vitamin A deficiency, followed 
closely by continuous cornification of the vaginal contents of the females. 

Female animals appear to deplete more rapidly than do the males in spite of 
larger liver reserves, and the vitamin A stores of the liver are practically ex- 
hausted before hemeralopia appears. 

No quantitatively measurable stores of vitamin A can be demonstrated in 
the livers of rats fed less than 50 to 80 units of vitamin A per kilogram body 
weight per day. This is about four times the amount usually considered as the 
‘^minimum” requirement for the rat. Judging from the times necessary to 
produce the usual physiological signs of vitamin A depletion in the 4 groups of 
animals receiving vitamin A at 4 levels, it appeai-s that some (considerable need 
of the body must be met in an apparently normal animal before liver storage 
occurs. It also appears as a possibility that more sensitive physiological indi- 
cators of vitamin A deficiency remain to be discovered, and that the * ‘minimum’^ 
vitamin A requirement may be somewhat higher than 20 units per kilogram body 
weight per day. 
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One of the best-known facts with respect to the electrocardiogram is that the 
T wave in one and the same person is likely to change in form and amplitude 
from time to time. For the most part, the mechanisms by which the several 
factors or conditions, which may be associatd with these changes, produce 
their effects are not understood. In fact, among the several factors, only the 
effect of local myocardial ischemia or anoxia and of changes in cycle length can 
even be interpreted in terms of the local effects which they exert upon the 
electrical changes in the muscle. And in the application of these explanations 
there still remain a large number of questions to which no answers can be given. 
We are dealing simply with phenomena, not with explanations in terms of the 
relationship between physical and chemical processes and the observed phe- 
nomena. We can assert, with reasonable assurance, that the T-wave changes 
induced by local myocardial ischemia in the mammal are due to the relative 
slowness with which the ischemic muscle usually becomes repolarized (1, 2). 
That there a relationship between the slow repolarization and a delay in the 
completion of chemical recovery seems prol)able, but the relationship has not 
been elucidated. We also feel confident that the relationship between heart 
rate or cycle length' and the rate at which the muscle becomes repolarized after 
its response begins is related to the form and amplitude of the T wave. Again, 
we may be sure that some relationship exists between the electrical and the 
chemical phenomena, but the nature of this relationship is wholly unknown. 
This paper does not attempt to explain that relationship. Its purpose is to 
demonstrate that the known facts with respect to the effect of cycle-length 
upon the time-course of repolarization of cardiac muscle enable us to interpret, 
in such terms, the effect of cycle-length changes upon the form and amplitude 
of the T wave of the electrocardiogram. 

The fact that rate changes may affect the duration of mechanical systole, 
of the Q-T interval or its equivalent, and of the absolute refractory period of 
the ventricles, has long been known, and frequently described. Lombard and 
Cope early pointed out the inverse relationship between heart rate and the 
duration of systole (3). Fredericia (4), Bazett (5) and Ashman (6), among 
others, have proposed empirical formulae relating cycle length and the Q-T 
interval; while the relationship between the durations of mechanical systole and 
of the electrical change has been studied, notably by Blair, Wedd and Young 
(7). Bazett made the important observation that in sinus arrhythmia, the 
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duration of the Q-T interval does not immediately cha^e 
acteristic of one cycle length to that characteristic of another cycle length, but 
that there is a progressive or cumulative change. It is tins f^t, one which 
must be referred to again, which explains the absence of easily measurable 
changes in the T wave of the post-extrasystolic beat in norirml persons. 

In order to understand the relationship between the Q-T mterval and the 
form and ampUtude of the T wave, it is necessary to recall a number of theoreti^l 
considerations, some of which have been set forth in more detail elsewhere, fhe 
T wave is associated with the repolarization of the ventncular muscle, which 
was depolarized during the inscription of the QRS group of deflections on the 
electrocardiographic film. If the time required for depolarization is the same 
for each muscle element, and the time-course of repolanzation is also eve^- 
where the same, the net area of the QRS complex, above or below the base line, 
will be equal to the net area of the T wave, but their directions will be ojyosite 
(8) This statement neglects changes in position of the muscle elements duni^ 
sysUAe. For purposes of reference, we may refer to the T wave ^om a muscle 
which is uniform in respect to the time-course of its repolanzation as T . t on- 
fusion is avoided if we think of this T' wave as if it were always presenb 
Very few human electrocardiograms reveal QRS Comdexes an 
which are equal in net area but opposite in direction. Commonly, the Ql^ 
and the T wave have the same direction, and there is no consistent relatio^lup 
between their areas. The most probable explanation of this fact is that the 
rate of repolarization is more rapid in some muscle elements, and slower in 
others. In general there is reason to believe that the subepicardial muscle 
laminae normally become repolarized more rapidly and that the subendocardia 
laminae are slower (8, 9); but this localization of the rate d^erences is not 
essential to our argument. All we are concerned with is that differences , 
and that these differences are responsible for the difference between the T wave 
of a physiologically uniform heart and those T waves which are actually ob- 

^ E^ebimental. a . In one series of experiments on three hearts, the exci^d, 
quiescent, turtle ventricle was placed upon a moist filter paper on the-bottom 
2f an inverted watch crystal. Needle electrodes led the stimulating cui rent from 
the secondary coil of an inductorium to the ventral, left basal, region o 
ventricle. By way of Zn-ZnS04 non-polarizable electrodes, current was 1^ 
from the right base and apex. The heart was brought into t;«"«ection with 
the -‘boot” electrodes by means of absorbent cotton wicks wet with Ringer s 
solution The apical wick was tied to the frenum to prevent slipping. Records 
were obtained by means of a Cambridge Mobile All-Electric HectrocardiograpR 
" In the first series of experiments the ventricle was stimulated several times at 
each of the following intervals: 20 sec.; 10 sec.; 7.6 sec.; 5 sec ; ^nd then, s^e^ 
what irregularly, at shorter intervals to the highest rate at which it would 
respond. After a 30 sec. rest, anothet response was u^ally record^. A 
a few minutes’ rest, the experiment was repeated, but Ringer s sdution,. 

12 to 15®C below room temperature, was allowed to dnp upon the apex, tn 
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curvature of the watch crystal serving to drain it away from the rest of the 
heart. Examples of the results are shown in figure 1. 



Fig. 1. On left, from above downward, eleel rograniH from bas(‘ to aix'x of an exeised 
turtle ventriele. The upper strip shows a wide, inverted T wave. This (hmionst rates 
t hat repolarization at t he base was slower than at the apex. The' ey(‘lo lengt hs, trom above 
downward, were 20. (K), 7.50, 4. (K), 1 .65 and 1 .08 see. At the shortest eyeh* h'ligt h t he (^-1 
interval is greatly shortened, and the base becomes rei)olarized oidy slightly more slowly 
than the apex. 

On the right , the apex of the same heart was cooled to about 10^( 'below (h(‘ room tem|)er- 
ature. The repolarizat ion of the apex is now slower t han t he n'|)olarizat ion ol t he uncoohal 
base. The cycles, from above downward, were 20.(M), 10.00, 1.00, 1.50 and 20.00 s(*c. 1 h(‘ 

“Q-T” at, KU) sec. is longer than at 20.0 sec. because the apex was cooler. The lowest 
curve was recorded 20.0 sec. after the one just above it to demonstrate that tlie ajx'x was 
still cool. Note that at cycle 1.50 sec., the apex becomes repolarized more rapidly than 
the base, in spite of continued cooling. 

B, In other experiments on four hearts, the whole' heart was immerse'd in 
an evaporating dish. One electrode was a suction electrode, in principle like 
that described by H. C. Wiggers (10). This, after ntcording a lew noimal 
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responses without suction, was attached to the ventral heart surface for the 
recording of monophasic responses. The other electrode dipped into the solu- 
tion several centimeters from the heart. With the solution at room temperature, 
a series of monophasic curves were recorded at various rates, as described in A, 
but more care was exercised in controlling the rates, and slower and faster .series 
were alternated to minimize cumulative changes. The experiment was then re- 
peated, after a few minutes, when the solution was about 10° to 20° below the 
room temperature. Sample curves from these experiments are shown in figure 2. 

C. In several experiments, with arrangements as in A, the heart was stimulated 
at a basic rate, varying from 6 to 20 per minute in different trials, premature 
beats, followed by “compensatory pauses”, occasionally being elicited. In 
some experiments the apex was cooled; in others it was not cooled. In several 
experiments the base was injured by cutting. 

Results. ProcpduTc A . In figure 1 are shown the curves, derived from 2 
points on the ventricular surface, and recorded at room temperature. In 
the upper strip on the left the cycle was 20 .sec. A fairly lai'ge T wave is pre.sent, 
indicating that the rate of' repolarization of the right basal surface in this ca.se 
was slower than the rate at the apex. The .second curve on the left was re- 
corded when the cycles were 7.5 sec.; the third, when they were 4.0 sec.; the 
fourth, when they were 1 .65 sec. The lowermost strip on the left shows a much 
higher rate, the average cycle lieing a little over a second. 'I'he T wave is now 
very small, although the repolarization at the base is still slightly slower than 
at the apex. 'With respect to the two points from which the curves were de- 
rived, the rates of repolarization are more nearly e<iual when the cycles are 
short than when they are long. 

This was the consistent re.sult in all experiments. 

In figure 1 on the right, the apex of the .same heart has been cooled. Because 
of the cooling (uppermost strip) the rate of repolarization at the apex is slower 
than at the right base, and the Q-T interval is longer than in the experiment 
at room temperature. The second strip shows a 10 sec. cycle, ('ooling had 
been renewed, so that the Q-T is slightly longer than before. The third strip, 
at 4 .sec. cycles, shows a lower 1’ wave. At the high rates (strip 4), de.spite 
continued cooling of the apex, the T waves are very low and a(!tually inverted 
in this case, and the Q-T interval is apparently as short as it was in the ex- 
periment at room temperature. The lowermost curve is a control, without 
renewed (moling, taken 20 sec. after the fourth strip to prove that the apex was 
actually cool when the fourth strip was recorded. It is again evident in this 
experiment that, with respect to the two points from which the curves were de- 
rived, the rapid rate has caused the time-courses of repolarization to become 
nearly the same. This phenomenon has been noted by Ashman and Hull 
(p. 40) (11). 

These results are typical of the whole series. They are not intended to be 
quantitative, but merely qualitative. They demonstrate, in striking fashion, 
the phenomenon seen in the normal huiiian electrocardiogram when great rate 
changes occur. An example, from a human patient without heart disease, is 
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shown in figure 3, middle and lower strips, from lead II. The lower strip was 
taken during a paroxysmal tachycardia. 

Procedure B. Figure 2 shows sample monophasic curves from the heart at 
two different temperatures. On the left in the figure, from above downward, 
are shown three sample curves from the ventricle, cooled to 20°( ' below room tem- 
perature, at cycles of 20, 7.5 and 4 sec., respectively. On the right curves from the 
same ventricle at the same (;ycle lengths are shown, but the temperature was 
nearly 1()°C higher. It will be seen that when the cycles are long, the curve from 
the cooled heart has a much greater duration than the curve from the same heart, 
uncooled. When the (^ycle is short, the curves have pi-actically the same dura- 
tions. The use of monophasic curves made it possil)I(' to measure with reasonable^ 



Fig. 2. On tho left , inonophiisic curves from the immersed ventricle at about 2()°(\ below 
room tem[)erature. On the right, from the same heart, the tem])erature was about 10°C 
below room temiHuat ure. In both series, the cycles were, from above downward, 20.0, 7.5 
and 4.0 sec. Note that at the 20.0 sec. cycles, the monophasic curve of the ventricle when 
colder excecals 4.2 sec., when warmer, 2.7 sec. When the cych's are 4.0 sec., the durations 
are practically (uiual at 1 .00 sec. The full series from t his heart is shown in figure 4. The 
heights of t he curves an* irrelevant . 

accuracy the time re(|uired for repolarization of membranes near the tip of the 
suction electrode. The theory need not detain us. The measurement was made 
from the end of the rising limb of the curve to its end. In experiments by this 
method, the whole heart was cooled; we are, therefore, comparing the effect 
of cycle length upon the time course of repolarization in the cooled and relatively 
uncooled heart. Since cooling lengthens the absolute refractory period of the 
muscle, it was impossible to drive the cool ventriide to as high a rate as the un- 
cooled. 

In figure 4 the duration of the monophasic curve (ordinates) is plotted against 
the cycle length (abscissae). In this case, three temperatures were used. At a 
cycle length of 2 sec., which marks the approximate end of the effective re- 
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fractory period of the cooled ventricle, the durations of the raonophasic curves 
of both the moderately cooled (curve b) and the same muscle at room temperature 
(curve a) are nearly the same. This, of course, is also what is shown in figure 1 , 



Fig. 4 

by a different method. As the cycles become longer, the curves deviate more 
and more, so that, at 20 sec., the monophasic curve of the moderatly cool muscle 
has approximately double the duration of the curve from the uncooled mus(!le. 
When the muscle was 20°C below room temperature (curve c) there is much 
more scattering of points, due in part to cumulative changes and in par t to a 
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rise in temperature of the solution in which the muscle was immersed. Yet 
the trend is unmistakable. 

It is true, as Blair, Wedd and Young (7) have pointed out, though not for the 
first time, that if the heart be driven at a high rate for a time, the electrical 
responses become progressively shorter. This may also happen when a change 
of rate occurs abruptly in the human heart, but in this case it is obvious that 
an equilibrium, at a new Q-T duration, is established sooner or later. To 
minimize cumulative changes in our experiments, we have stimulated only 
5 or 6 times at each rate, with pauses intervening. 

Procedure C. This is essentially the same experiment as method A, but adopted 
in imitation of premature beats and compensatory pauses. Because of slow 
recovery after cumulative changes, the T wave following the compensatory 
pause was usually not strikingly different from the other T waves; yet in a 
number of experiments, after injury or cooling, T-wave changes were quite 
clear. 

Figure 3 shows the phenomenon in a human heart. The upper strip is a 
sample of lead II from a patient with myocardial disease. The T waves of the 
regular beats differ considerably from those of the post-extrasystolic beat. 
There is a lengthening, as we interpret it, of the duration of repolarization of 
certain muscle surfaces relative to others. This phenomenon is often observed 
when parts of the muscle are ischemic, although ischemia may not be the only 
cause. Evidence, which need not be given here, indicates that often the sub- 
epicardial lamina in the affected heart region suffers more than the immediately 
subendocardial fibers (1). Following longer cycles, the ischemic muscle ap- 
parently becomes repolarized more slowly than the non-ischemic muscle; but 
after shorter cycles, the rates in the two become more nearly equal, or the normal 
relationship of more rapid repolarization of subepicardial fibers may even be 
seen. Ashman and Hull have earlier offered this explanation for the changes 
in the human electrocardiogram (legend of their fig. 121, p. 328), but ex- 
perimental support was lacking (11). This observation suggests that a com- 
parison of the T waves after carotid sinus pressure with those after cardiac 
acceleration may yield better diagnostic evidence than a change in rate in one 
direction alone. 

Discussion and summary. A proper discussion of the T wave of the electro- 
cardiogram necessarily involves consideration of the ventricular gradient of 
F. N. Wilson (8). Since a full discussion, in terms of the gradient, cannot be 
given briefly, we shall simply give the references here (8, 12, 13, 14). When 
the time course of repolarization of all the muscle elements of the heart is the 
same, we then find the QRS complex to be followed by the wave we have des- 
ignated above as T'. It is the electrical effect of a ‘‘wave^’ of repolarization 
passing through the muscle along the same pathways, and with the same velocity, 
as the earlier wave of depolarization or excitation. Those muscle elements which 
are first to become depolarized are first to begin, and first to complete, their 
repolarization in the physiologically homogeneous muscle. No matter what 
the actual time course of repolarization in different regions may be, the elements 
first to, be activated are, during the period of inscription of the T wave, rel- 
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dtively farther advanced temporally in repolariaation than those elements which 
are last to be activated. This produces an electrical effect, normally always 
present, which is, in effect, T'. The T wave which is usually actually observed 
is the net electrical effect of differences in the time course of repolarization of 
different muscle elements, plus T'. 

Our experiments have demonstrated: 

o. That when the turtle heart is beating slowly, the time courses of repolariza- 
ti<Hi at the base and apex may differ. By cooling the apex (or base) greater 
differences ip “rates” of repolarization may be induced, as is well known, with 
corresponding modifications in the T wave. 

b. When the heart is driven rapidly, either the spontaneously occurring dif- 
ference or the artificially induced difference in time course of repolarization can 
be practically eliminated. 

c. Corresponding to this elimination of differences in “rates” of repolarization, 
the T wave assumes, or nearly assumes, the T' form. 

d. Similar changes, seep in the human heart in association with changes in 
cycle-length, are attributed to the same cause. It is assumed that the T wave 
commonly observed in the human electrocardiogram is due predominantly to 
differences in tinrift course of repolarization in different muscle elements. 
A rapid tachycardia, by minimizing or eliminating the differences in regional 
repolarization rates, changes the T wave from its usual form to a form which 
approaches the T' form. The latter varies, depending upon the form and net 
magnitude of the QRS complex which precedes it. 

e. When there is a change in heart rate, there is not ordinarily an immediate 
adjustment of repolarization rate to the new heart rate. Instead, there is a 
more or less gradual adjustment until, in the human heart, an equilibrium is 
attained. When the muscle is depressed, as by anoxia, the immediate changes 
may be far more pronounced (11). In the normal heart, therefore, a compensa- 
tory pause, for example, is usually followed by a T which differs little from the 
T waves of the regular beats. When the muscle is damaged, on the other hand, 
very conspicuous changes in the T wave may often be seen (15). The simple 
effect of the change in the cycle length is not necessarily the only cause of the 
change in the form and amplitude of the T wave; but it is likely that it is by far 
the most important one. 

f. The higher cardiac rates associated with childhood, fever, or thyrotoxicosis 
are paralleled by differences in the metabolic rate of the heart muscle. Con- 
sequently, the amplitude of the T wave may not differ from the usually observed 
one (14). In the tachycardia of vigorous muscular exercise also, some factor, 
perhaps related in an unknown manner to metabolism, to nervous influence, 
and to cardiac output, partly offsets the effect of rate (14). Acceleration re- 
sulting from the inhalation of amyl nitrite is associated with a change in the T 
wave, of the same magnitude as that due to spontaneous acceleration (14). 

g. SpaOtaneously occurring rate changes in the human heart are experiments 
providj^ by nature. It is unlikely that mammalian experiments, directed to 
the study of this particular problem, would afford more reliable information 
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than the human electrocardiogram. It may here be noted, however, without 
attempting to give the full, long argument, that experiments purporting to 
explain the human T wave as an effect of a greater duration of right than of 
left ventricular response are almost irrelevant to the problem. What little 
evidence exists suggests that the differential time courses are of subepicardial 
and Subendocardial laminae, as has been suggested. Yet this suggestion ex- 
plains little. There must be differences in rates of repolarization between 
different parts of single muscle fibers or between closely adjoining portions of 
small syncytical masses; and these effects summate to give the T wave. 

Of particular physiological interest is another implication of these experiments, 
namely, that the T wave is wholly, or almost wholly, an electrical consequence 
of the repolarization of the cardiac muscle. This is evidently true both when 
the T wave has its usual form and direction and when, because of rapid heart 
rate, digitalization, or pathological change, the T wave is of the T' form. These 
experiments also serve to emphasize another point which has often been over- 
looked. This is that attempts to determine the metabolic or other effect of 
certain agents upon the heart muscle from a study of the electrocardiogram of 
the intact animal is almost futile. On the other hand, a study of the effects 
of these agents upon the monophasic action current curve may prove to be a 
fruitful and valid method. When these latter effects are established, it may then 
be possible to approach the explanation of their relationship to the form of the 
T wave of the electrocardiogram. 

CONCLUSIONS 

In the normal heart, at ordinary heart rates, the observed T wave is mainly 
due to differences in the time required for repolarization of different muscle 
elements. Acceleration, or decrease of cycle length, reduces these differences 
and thus causes the associated changes which then occur in the form and ampli- 
tude of the T wave. 
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Considerable work has been done with isolated heart and heart-lung Prepara- 
tions but no systematic attempt has been made, as far 

the changes of the various pressure levels and rates of flow when one or more 
of the cLrollable factors are altered. Lack of appreciation of these iiRer- 
locking effects has doubtless contributed to erroneous interpretations of data 

and mav have helped to produce some of the polemics. 

Fo7ftrp« L the dynamic, of the heart have ten 

studied in this laboratory in isolated heart and heart-lung prepara ions, 
preparations were developed with the object of controlUng as many variables ^ 
possible Considerable data concerning the relatioaships of various nieasure- 
Lnte on these preparations have been accumulated. In this report an analj^s s 
of the data obtained soon after the preparations were under control 
to clarify the dynamics of such preparations and to throw fiirthei light o 

factors controlling the circulation in the intact animal. .. eizhmst from 

Methods pkeparations and procedures. Dogs most y g g 
10^r20 kilos were used for the isolated heart and heart-lung preparations. 
In the earlier experiments, sodium pentobarbital 
2^ per cent solution) was used; later, ether was employed until 
tion was interrupted since anesthesia is not « .f 
effect of anesthesia on the completed preparation could thus be mmimized. 

In all inrtances the cheat opened widely, artificial 

and the aaygos vein, snperior vena ca™, mnommate artery »d 

arterv were doubly ligated and cut betw'een ligatures. This eliminated the 

artery were uouu ^ 6 Rik neriod it was often necessary to 

hpfld and upper limb circulation; during tms pcnou lu ^ j 

section the vS in the neck to avoid the deleterious slowmg » ^ 

heart which accompanied the agonal asphjpxia of the head. The blood 
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dog was then rendered incoagulable with intravenous heparin (8~12 mgm./kilo 
of the Connaught laboratories preparation, or 1^-2 cc.-^of Liquaemin, Roche 
Organon, Inc.^ per dog). 

While these procedures were carried out on the animal, the perfusion arrange- 
ment was assembled. This consisted of glass and rubber which had been 
^'seasoned^^ for some time by perfusion with blood. Between experiments it 
had been washed and was usually kept immersed in water. While the equipment 
was sterilized with alcohol in early experiments, this was later abandoned as 
unnecessary. After the perfusion arrangement was assembled it was flushed 
with isotonic saline and then filled with either defibrinated or, in later experi- 
ments, heparinized blood. In preparing defibrinated blood, usually 2 or 3 large 
dogs ^ere bled, under ether, into large flasks containing glass beads. The 
flasks were gently rotated and the blood then filtered through fine cambric cloth 
(50 ju mesh) from 2 to 5 times to remove traces of fibrin. Finally the blood was 
passed two to four times through the inflated lungs of a dead dog to remove 
vasoconstrictor activity othermse present. Heparin (40-100 mgm./liter) or 
Liquaemin (0.5-1 .8 cc./liter) was added to the defibrinated blood before placing 
it in the perfusion arrangement. 

Later, in the heart -lung preparation, defibrination was omitted and a larger 
dose of heparin employed. This was found to give a better and longer surviving 
preparation and to be less prone to lead to pulmonary edema. The only dis- 
advantage was that the heparinized blood in the flowmeters and reservoirs 
tended to settle out rapidly. The blood was collected as before, each bleeder 
dog receiving IJ cc. of Liquaemin intravenously as a preliminary, and in addition 
about 1 J cc. of Liquaemin per liter of blood was added to the flasks. The blood 
was then filtered through the lungs of a dead dog and then through cambric. 
Before using the blood a further 1 cc./liter of Liquaemin was added. This was 
found adequate to prevent coagulation in experiments lasting as long as 8 hours. 

It was observed in preliminary experiments that the heart was maintained 
better when glucose (i to 1 gram/liter of blood) and to cc. of 10 per cent 
calcium gluconate per liter of blood (Sandoz^) were added. This was, therefore, 
routine procedure in the early experiments. In a few experiments, NaCl, in 
quantities of 0.45 to 0.80 gram/liter of blood, was also added. Further details 
of these precautions can be obtained from our earlier publications (1, 2, 3, 4). 

Two types of preparations were used for our studies. 

One was the isolated heart preparation described previously (2 and 3). In 
the early experiments the coronary sinus was cannulated, in later ones it was 
not. The total pulmonary arterial flow was measured in all experiments. In 
the isolated heart preparation the perfusing blood enters the left auricle from a 
reservoir under pressure which can be varied. An artificial systemic resistance, 
which can be varied, is interposed between the aorta and the right auricle. The 
blood from the right ventricle passes through another artificial resistance, which 

^ We are grateful to Roche Organon, Inc. forJurnishing us with generous supplies of 
Liquaemin. 

® We are indebted to the Sandoz Chemical Works, Inc. for supplying us with the calcium 
gluconate. 
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can also be varied, and into an artificial lung for aeration. A pump forces the 
blood from this “lung” back into the original reservoir. The dynamic state of 
the preparation can be controlled by adjusting (1) the artificial resistances 
in the systemic and pulmonary circuits, and (2) the pressure of the blood entering 



Fig. 1 . Schematic diagram of the closed circuit heart-lung i)reparatioii described in 
text. PP is the pulmonary pressure manometer, PO2 is the pulmonary arterial O2 level 
photoelectric meter unit, PF is the pulmonary flowmeter, PS is the pulmonary arterial 
sampling tube, MPA, LPA and KPA are respectively the main, left and right pulmonary 
arterial cannulae, LVP is the left venous pressure manometer, LPV is the pulmonary vein 
cannula, A is the aortic cannula, PR is the peripheral resistance, P, PB and PRP are re- 
spectively the peripheral resistance pressure bulb, bottle and manometer, AP is the aortic 
pressure manometer, IR is the blood reservoir bottle, F , R and S are respectively the filling 
funnel, the pressure bulb and shaker for the blood reservoir bottle, AO2 is the aortic O2 
level photoelectric meter unit, AS is the arterial sampling tube, AF is the aortic flowmeter, 
RVP is the right venous pressure manometer, IVC is the inferior vena cava cannula and T 
is a thermometer. 

the left heart from the reservoir. In this preparation, the output of the left 
ventricle determines the output of the right. 

The second type of preparation, the closed circuit heart-Uing preparation, has 
also been described previously (4 and 5). In figure 1 is presented a simplified 
diagram of the latest arrangement which differs only in non-essential details 
from the earlier ones employed. It differs from the usual heart-lung preparation 
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in -having a blood reservoir which is not a part of the circuit but is available to 
increase or to decrease the circulating blood volume. In this preparation, 
therefore, the control of the dynamic state of the circulation is achieved by 
varying the amount of blood in circulation and the amount of resistance in the 
artificial systemic resistance. 

While the details of the operative procedures have been presented in previous 
communications for the isolated heart preparation (2 and 3), this has not been 
done for the closed circuit heart-lung preparation. In brief, the procedure after 
the chest is opened is as follows: 

After the head circulation has been interrupted by tying the innominate 
and left subclavian arteries and the azygos vein and superior vena cava, double 
heavy ligatures are placed around the root of the aorta, the main pulmonary 
artery, the major right and left pulmonary arteries and the inferior vena cava. 
A sin^e ligature is passed about the descending aorta near the arch. These 
are aU left untied. 

The thoracic descending aorta is then tied off near the arch and simultaneously 
the thoracic inferior vena cava is clamped at the diaphragm with a rubber covered 
hemostat. The latter procedure permits use of the blood in the abdomen to 
replace blood loss in the succeeding operations. This we have found to an 
important step which often spells the difference between success and failure. 
At this stage, the peripheral systemic circuit consists solely of the coronary vessels. 

The next step is the cannulation of the ascending aorta, care being taken 
that the cannula is above the semilunar valves ; before cannulation, the artificial 
resistance is set at a pressure of about 100 mm. Hg. By adding blood slowly 
from the abdomen through the inferior vena cava, the aortic pressure can be 
built up to around 100 mm. Hg. Sufficient time is allowed before proceeding 
with the next step to permit the heart to become adjusted and regain a vigorous 
beat. The insertion of the inferior vena cava cannula then completes the 
heart-lung circuit. A period of some 15 minutes is again allowed for adaptation 
of the heart to the new circumstances. By carefully varying the peripheral 
resistance and the blood volume in the preparation, the heart can be maintained 
in an adequate state. The blood in the reservoir must be thoroughly agitated 
before additions to the preparation are made. During this period a cannula 
is inserted into a small branch of the left pulmonary vein near the lung hilus, 
facing the heart, to record the left venous pressure. 

The heartdung preparation is now removed from the animal and placed in a 
glass tray. In order to measure the total pulmonary blood flow and the pulmo- 
nary arterial pressure, a flowmeter and a T-tube for connection with a mercury 
manometer are inserted, by means of glass cannulae,- between the main pul- 
monary artery and its two branches. The order of cannulation is; 1, right 
pulmonary artery distally ; 2, main pulmonary artery centrally (immediately estab- 
lishing the circuit between them), and 3, left pulmonary artery dktally. The 
/.gnniilHR are adjusted to avoid kinking and the whole preparation in its tray is 
enclosed in a constant temperature box mlh appropriate windows and doors for 
inspection and adjustments, and the preparation is ready for experimental 
study. 
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The methods of taking readings, controlling conditions, and making the 
measurements and calculations have been described (2, 3, 4). 

The pertinent data on 44 isolated heart and 35 heart-lung preparations are 
summarized in tables 1 and 2. The control levels given are either initial read- 
ings made after attaining stabilized conditions at the desired levels of flows and 
pressures, or, Avhere conditions could not be stabilized, readings early in the 
experiment, coincident with the taking of the first oxygen sample. The criteria 
used to judge the onset of progressive heart failure or its initial presence will be 
described in another communication (6). By total duration of the experiment 
is meant the time during wliich readings were taken. Experiments were ter- 
minated by severe heart failure, by accident, or by some severe arrhythmia 
(as occurred chiefly in the preparations to which digitalis was added) . 

A total of 119 graphs were made of the data in tables 1 and 2. The scatter 
graphs were subjected to statistical analysis to determine whether significant 
linear correlations were present. The statistical data so obtained are shown in 
table 3. All surviving preparations are included in this analysis. Conse- 
quently, initial readings were made upon hearts in very different biological 
conditions. These 79 preparations varied in the type of circuit, in the weight of 
the dog and heart, in the duration of time required to establish the perfusion 
set-up, etc. In view of the expected variations from heart to heart it appears 
all the more significant that the control levels of pressures and flows and their 
interrelations showed certain trends and correlations. Absence of statistically 
demonstrable linear relationship between two variables may mean 1 , that none 
exists; 2, that the data are insufficient to demonstrate an expected correlation, or 
3, that the relationship is curvilinear. The interrelationship of those variables 
involving coronary flow will be considered in another communication (8). The 
others will be discussed below. 

Duration of Experiment, Time of Onset of Progressive Failure and Duration of 
Progressive Failure. These time periods Avere quite A ariable as can be seen in 
columns 5 and 6 of tables 1 and 2, and from the differences betAveen the cor- 
responding figures of these tAvo columns Avhich give the duration of progressive 
heart failure. It will be seen that the onset of progressive heart failure tended 
to occur later, its duration and the duration of the experiment tended on the 
average to be longer in the heart-lung than in the isolated heart. In the heart- 
lung preparation these times tended to be longer Avhen the donor blood was 
heparinized than when it Avas defibrinated. Apparently, the artificial lung used 
to aerate blood in the isolated heart preparation leads to a more rapid change 
in the blood, probably an accelerated destruction of the red cells Avhich releases 
materials detrimental to the heart (possibly potassium, the detrimental action 
of Avhich is knoAvn (7 and 9)). This also obtains when blood is defibrinated 
since in this process considerable agitation of blood is essential. 

No correlation of these time values could be demonstrated Avith the amount of 
Avork being done by the heart, the temperatui’e of the preparation, or the oxygen 
level in the arterial blood perfusing the heart. The possibility that these three 
A^ariables interplayed in determining these time periods Avas examined by plotting 
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Control values in isolated heart preparations 
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11 

8.5 

1.6 

429 

268 

161 

124 

37.2 

13.2 

1 

35.5 

0 

10 

47 

94.4 

102 

6 

7.6 

0.6 

224 

128 

96 

104 

18.9 

10.6 

2 


37.0 

0 

2 

16 

78.3 

101 

3 

13.0 

27.0 

209 

129 

80 

88 

17.6 

8.0 

4 


34.5 

0 

30 

151 

148.0 

95 

3 

7.6 

3.5 

283 

152 

131 

140 

22.3 

14.0 

5 


35.2 

0 

80 

186 

155.0 

96 

6 

11.6 

3.5 

227 

144 

83 

84 

20.4 

11.6 

7 


34.7 

0 

92 

161 

126.0 

94 

18.6 

6.6 

4.8 

395 

312 

83 

88 

34.5 

7.0 

10 


35.0 

0 

10 

70 

126.0 

90 

4 

9.3 

3.5 

207 

120 

87 

94 

15.4 

13.0 

11 

CG 

33.5 

0 

10 

113 


93 

5 

8.6 

2.5 

263 

120 

143 

100 

21.1 


12 

CG 

34.0 

0 

20 

141 

168.0 

92 

16 

6.8 

2.5 

349 

138 

211 

108 

30.5 

9.4 

14 

CG 

35.0 

0 

90 

133 


99 

15 

10.2 

3.9 

428 

341 

87 

116 

39.4 

13.5 

Ra 


0 

8 , 

31 

184.6 

95 

24 

6.3 

3.3 

441 

170 

271 

132 

44.9 

10.9 

15a 


36.0 

0 

72 

116 

190.0 

94 

14 

5.5 

3.0 

750 

358 

392 . 

132 

66.0 

11.6 

17 

c 

35.0 

0 

10 

60 

83.0 

99 

16 

10.0 

0.7 

297 

224 

75 

112 

28.0 

13.6 

20 

c 

37.0 

0 

3 

26 

88.2 

94 

12 

9.3 

9.6 

242 

190 

52 

90 

20.9 

11.6 

21 

CG 

36.0 

0 

16 

51 

124.1 

102 

18 

17.1 

10.0 

263 

200 

63 

102 

25.8 

12.6 

40 

CG 

33.5 

0 


54 

57.0 

98 

17 

12.3 

21.0 

405 

333 

72 

96 

38.0 

16.0 

41 

CG 

31.0 

0 

75 

143 

83.2 

104 

13 

. 4.7 

7.9 

313 

148 

167 

92 

29.9 

14.6 

44 

CG 

31,0 

0 

95 

168 

136.6 

93 

20 

6.0 

14.3 

176 

100 

76 

74 

16.2 

19.5 

45 

CG 

29.0 

0 

35 

79 

51.0 

98 

21 

6.4 

5.2 

177 

132 

45 

50 

17.2 

20.0 

46 

CG 

29.5 

0 


120 

95.0 

97 

20 

4.6 

3.2 

174 

114 

60 

80 

16.6 

18.8 

47 

G 

30.0 

0 


112 

75.0 

100 

20 

9.7 

5.5 

171 

125 

46 

80 

16.7 

19.9 

48 

CG 

29.5 

0 


98 

62.2 

105 

21 

13.8 

8.4 

149 

99 

50 

84 

15.3 

19.2 

50a 

CG 

29.0 

0 


160 

141.0 

98 

26 

10.7 

3.3 

211 

33 

178 

68 

21.3 

14,5 

51 

CG 

30.5 

0 

90 

91 

74.0 

87 ; 

17 

7.6 

4.9 

116 

47 

69 

92* 

9.8 

10.5 

51a 

CG 

30.0 

0 

25 

62 

91.0 

84 

15 

7.0 

2.3 

104 

34 

70 

126 

8.3 

16.7 

53 

G 

30.5 

0 

12 

87 

101.7 

103 

23 

10.8 

5.0 

200 

142 

68 

74 

20.6 

20.1 

3 


34.0 

0 

40 

47 






167 

113 

54 

92 



Re 

CG 

35.0 

0 

2 

12 






254 

200 

54 

60 



21A 


33.0 

0 


15 






405 

366 

39 

92 


12.0 

6 


34.5 

M 

0 

86 

123.0 

90 

4 

9.5 

3.5 

312 

93 

219 

100 

23.9 

g 

CG 

33.5 

M 

0 

75 

91.1 

91 

8 

7.4 

3.8 

144 

82 

62 

92 

11.6 

13.0 

13 

CG 

35.5 

M 

0 

83 

129.5 

98 

11 

8.8 

3.7 

417 

294 

123 

132 ' 

37.0 

11.7 

15 

CG 

35.0 

M 

0 

84 

144.0 

100 

12 

2.2 

3.5 

428 

200 

228 

148 

39.2 

10.4 

16 

CG 

36.5 

M 

0 

67 

140.0 

93 

9 

9.3 

4.2 

326 

219 

107 

88 

27.1 

15.7 

Rs 

G 

34.0 

M 

0 

46 

106.0 

92 

9 

9.1 

2.3 

273 

196 

78 

84 

22.6 

14.3 

18 

C 

34.0 

M 

0 

130 

83.8 

96 

19 

6.1 

2.8 

341 

263 

78 

80 

32.2 

13.2 

19 

C 

36.5 

M 

0 

71 

121.6 

103 

11 

6.6 

1.6 

177 

123 

54 

92 

16.6 

17.9 

42 

CG 

32.5 

M 

0 

87 


92 

7 

4.4 

2.2 

130 

66 

64 

92 

10.5 

18.5 

43 

CG 

31.5 

M 

0 

53 


94 

15 

7.1 

8.7 

176 

125 

51 

102 

15.5 

20.8 

49 

G 

30. p 

M 

0 

1113 

142.8 

100 

22 

3.4 

6.4 

144 

87 

57 

72 

14.2 

19.6 

50 

CG 

29.0 

M 

0 

157 

99.0 

104 

19 

6.0 

9.1 

163 

102 

61 

88 

16.3 

17.6 

52 

G 

, 30.6 

M 

0 

126 

121.0 

93 

22 

6.8 

6.9 

98 

40 

58 

76 

9.1 

16.8 

R 4 

CG 

35.0 

M 

0 

14 






288 

133 

156 

100 



Ri 

CG 

37.0 

' S 

0 

13 






375 

175 

200 

106 





Perfusate in all expei^iments — defibrinated blood. Recipient dog 
(see text). 

C— calcium gluoonatel,^^ quantities added to perfusate. 

G — glucose J 

M—mild failure 

MS— moderately severe failure 

S—severe failure ~ 

HW— heart weight 

A P— aortic pressure 

P.P— pulmonary arterial pressure 


blood irrade anticoagulable by use of heparin 

LVP— left venous pressure (systemic) 

RVP— right venous pressure (pulmonary) 

PF— pulmonary artery flow 

AF— aortic flow 

CF— coronary flow 

HR— heart rate 

W— work of heart 

Art. Oa— O2 content of arterial blood 



DYNAMICS OF ISOLATED HEART PREPARATIONS 


469 


their product against each of these time values. No correlation could be 
established. Apparently the variations in the state of the heart after the 
preparation was established and the character of the blood were much more 


TABLE 2 

Control values in heart-lung preparations 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 


MA- 

i 

DEGREE 

TIME OF 

TOTAL 

HW 











EXP. 

NO. 

TEKIAL 

ADDED 

TO 

M 

H 

§ 

OF PRO- 
GRESSIVE 
HEART 

ONSET OF 
PROGRES- 
SIVE 

DURA- 

TION 

(at 

END 

AP 

pp 

LVP 

RVP 

PF 

AF 

CF 

HR 

w 

ART. 

O 2 


PERFU- 

SATE 

5 

FAILURE 
AT START 

HEART 

FAILURE 

EXP. 

EXP.) 
















min. 


mm. 

mm. 

cm. 

cm. 

cc.j 

cc.j 

cc./ 

beats/ 

kgM. 

vol. 



®C. 


min. 

f^rams 

Hg 

Hg 

IW 

IhO 

min . 

min. 

min. 

min. 

/hr. 

% 

23* 

c 

34.6 

0 

100 

320 


80 

12 

2.0 

1.0 

107 

74 

33 

102 

7.9 

16.5 

23a* 


30.0 

0 


25 


102 

38.5 

13.1 

9.8 

547 

357 

190 

68 

62.8 


24* 

c 

34.6 

0 

40 

98 

112.0 

88 

10 

5.0 

6.4 

205 

44 

161 

72 

16.3 

14.7 

25* 

c 

36.0 

0 

130 

185 

135.0 

110 

54 

8.5 

12.1 

455 

273 

182 

100 

61.0 

12.0 

26* 

c 

33.6 

0 

70 

111 

111.8 

97 

39 

12.5 

7.2 

361 

259 

102 

88 

40.1 

11.8 

27* 


33.6 

0 

19 

96 

129.0 

93 

15 

11.3 

4.9 

242 

143 

99 

104 

21.1 

7.8 

28* 

c 

31.0 

0 

197 

215 


81 

22 

6.6 

7.8 

185 

149 

36 

130 

15.1 

13.3 

29* 

c 

33.0 

0 

56 

82 


103 

25 

12.4 

6.9 

254 

221 

31 

94 

26.6 

13.6 

o 

CO 

CG 

33.0 

0 


80 

92.0 

97 

25 

25.1 

8.3 

98 

67 

31 

90 

9.7 

14.5 

31* 

C 

33.0 

0 

23 

161 

82.0 

93 

47 

7.9 

9.9 

195 

106 

89 

144 

22.3 

22.0 

32* 

CG 

30.0 

0 

109 

128 

87.0 

97 

10 

4.1 

3.3 

105 

69 

36 

84 

15.0 

16.2 

33* 

CG 

33.0 

0 


121 

48.0 

101 

15 

3.3 

6.1 

238 

168 

80 

135 

22.6 

10,4 

CO 

CG 

30.7 

0 

138 

148 

98.5 

105 

19 

10.8 

30.0 

181 

146 

35 

72 

22.4 

15.9 

35* 


30.0 

0 

181 

270 

65.6 

101 

19 

7.5 

10.9 1 

167 

137 

30 

90 

16.2 

15.9 

36* 

C 

33.0 

0 


162 

80.6 

84 

26 

9.1 

39.7 ! 

155 

107 

48 

144 

13.8 

15.8 

37* 


32.2 

0 


134 


99 

27 

1.4 

1.7 ! 

140 

100 

40 

99 

14.3 

14.2 

38* 


33.0 

0 


126 

73.5 

101 

16 

4.9 

6.8 

176 

143 

33 

102 

16.7 

17.5 

39* 


33.0 

0 


124 

84.0 

91 

16 

4.8 

4.6 

158 

108 

50 

108 

13.7 

15.3 

55* 


36.0 

0 

25 

163 


74 

11 

2.5 

3.5 

150 

116 

34 

120 

10.5 

20.5 

59t 

CG 

38.0 

0 

6 

28 


79 

21 

3.6 

1.7 

187 

74 

113 

116 

16.2 

9.0 

60t 

CG 

33.0 

0 

60 

228 


92 

16 

4.8 

3.7 

217 

175 

42 

68 

19.0 


61 1 

CG 

32.0 

0 

190 

253 


79 

6 

0.4 

15.6 

192 

60 

132 

64 

13.1 

21.9 

62 1 

CG 

34.0 

0 

104 

356 


81 

4 

4.5 

13.5 

197 

120 

77 

92 

13.7 

21.0 

63 1 

CG 

29.6 

0 

20 

232 


102 

18 

1.9 

13.7 

484 

321 

163 


47.6 

18.0 

64 1 

CG 

31.0 

0 

65 

293 

148.0 

96 

IS 

0.7 

4.6 

390 

278 

112 

68 

36.5 

17.5 

6Gt 

CG 

29.0 

0 

60 

290 


66 

10 

1.3 

7.5 1 


80 


60 


19.7 

67t 

CG 

30.0 

0 

65 

195 


94 

26 

5.1 

3.3 

211 



70 

20.7 

15.6 

68t 

CG 

31.6 

0 

160 

293 

130.0 

92 

11 

5.5 

6.0 

171 

105 

6 

88 

14.4 

21.6 

22* 


31.0 

s 

0 

94 


89 

15 


6.1 

217 

126 

91 

68 

18.5 

7.0 

64* 


38.0 

s 

0 

26 


36 

17 

1.9 

1.3 

190 

107 

83 

124 

8.1 

16.4 

65t 

CG 

31.0 

s 

0 

37 


78 


4.1 

9.6 

156 

68 

88 




66* 


34.6 

M 

0 

66 






273 

176 

98 

88 



67* 


35.6 

s 

0 

17 






101 

70 

31 

88 



68* 


37.0 

s 

0 

4 






311 

114 

197 

144 



64at 


28.0 

s 

0 

31 






128 

68 

60 

72 




* Perfusate — defibrinated bloodl 
t Perfusate — heparinized blood 
Other symbols as in table 1. 


recipient dog blood made anticoagulable by use of heparin (see text). 


important in determining the time of onset of failure and of survival of the heart. 
To these, and to experimental manipulations, must be attributed the wide 
variation in the time periods found. 

These experiments offered no evidence that the addition of calcium gluconate 
with or without glucose was eftc‘ctive in prolonging the duration of the experi- 



TABLE 3 

Statistical significance of linear corrdaiUon of certain daia in tdhUs 1 and B 



, ISOLATED HEART PREPARATION 

X 

y 

n 

r 

m 


n 

1 LVP 

RVP 

89 

0.1175 

40-60 



2 LVP 

AP 

39 

0.0610 

70-80 



3 LVP 

PP 

39 

-0.0270 

80-90 



4 LVP 

PF 

39 

-0.0090 

>90 



5 LVP 

AF 

39 

0.0470 

70-80 



6 *LVP 

CF 

39 

-0.4850 

0. 1-1.0 

-3.843 

3.373 

7 "LVP 

CF/HW 

35 

-0.0560 

70-80 



8 LVP 

W 

39 

-0.0840 

60-70 



9 *LVP 

PF/CF 

39 

0.1170 

40-50 



10 LVP 

PF/HW 

85 

-0.0149 

>90 



11 LVP 

W/HW 

36 

0.0407 

80-90 



12 RVP 

AP 

39 

0.2450 

10-20 



13 RVP 

PP 

39 

0.0445 

70-80 



14 .RVP 

PF 

39 

-0.1100 

50-60 



15 RVP 

AF 

39 

-0.0017 

>90 



16 *RVP 

CF 

39 

-0.2358 

10-20 



17 RVP 

HR 

39 

-0.2380 

10-20 



18 RVP 

W 

39 

0.0810 

60-70 



10 RVP 

PF/HW 

35 

0.2499 

10-20 



20 RVP 

W/HW 

35 

0.2679 

10-20 



21 AP 

PP 

39 

0.2573 

10-20 



22 AP 

PF 

39 

-0.0060 

>90 



23 AP 

AF 

39 

-0.6190 

<0.1 

-10.984 

4.797 

24 •AP 

CF 

39 

-0.1326 

40-50 



25 •AP 

CF/HW 

35 

-0.0655 

70-80 



26 AP 

W 

39 

0.1230 

40-60 



27 PP 

PF 

39 

-0.0910 

60-60 



28 PP 

AF 

39 

-0.0490 

70-80 



29 PP 

W 

39 

0.0398 

80-90 



80 •AF 

CF 

44 

0.2189 

10-20 



31 AF 

PF 

44 

0.8420 

<0.1 

1.1821 

10.12 

32 AF 

W 

30 

0.8370 

<0.1 

0.1138 

9.322 

33 •CF 

PF 

44 

0.7325 

<0.1 

1.2658 

6.974 

84 ’CF 

W 

39 

0.7480 

<0.1 

0.1187 

6.863 

35 •CF 

HW 

35 

0.6590 

<0.1 

0.3006 

5.038 

36 •CF 

HR 

44 

0.5787 

0. 1-1.0 

0.1670 

4.598 

37 •CF 

PF/HR 

44 

0.4665 

0.1-1 .0 

0.00648 

3.418 

38 •CF 1 

T 

43 

0.3098 

2-5 

0.01140 

2.091 

39 •CF/HW 

PF 

35 

0.6830 

<0.1 

211.98 

5.372 

40 ‘CF/HW 

W 

35 

0.6854 

<0.1 

17.846 

5.408 

41 •CF/HW 

HR 

35 

0.5031 

0. 1-1.0 

24.787 

3.344 

42 •CF/HW 

T 

84 

0.1696 

30-40 



43 •CF/HW 

HW 

35 

0.0927 

60-60 



44 •lOO-CF 

PF 

35 

0.7187 

<0.1 

190.11 

5.938 

HWAP 







45 ‘CF/AP 

PF 

39 

0.7800 

<0.1 

126.55 

7.591 

46 •CF/AP 

W 

39 

0.6120 

<0.1 

9.2024 

4.708 

47 PF 

W 

30 

0.9871 

<0.1 

0.0896 

37.58 

48 PF 

HW 

35 

0.4683 

0. 1-1.0 

0.1248 

3.046 

49 PF 

HR 

44 

0.5931 

<0.1 

0.1011 

4.774 

50 PF 

T 

43 

0.5319 

<0.1 ' 

0.0108 

4.023 

61 PF 

PP-LVP 






52 PF/H‘R 

HW 

35 

0.2642 

10-20 



53 PF/HR 

PF 

44 

0.8560 

<0.1 

104.66 

10.734 

54 PF/HR 

W 

39 

0.8610 

<0.1 

10.23 

10.304 

55 W 

HW 

35 

0.4537 

0. 1-1.0 

1.8463 

2.926 

56 W 

HR 

39 

0.5564 

<0.1 

1.0150 

4.073 

67 W 

T 

38 

0.4770 

0. 1-1.0 

0.1087 

3.257 

58 HR 

T 

43 

0.4306 

0. 1-1.0 

0.0513 

3.056 

59 AP-RVP 

AF 

39 

0.1275 

40-50 



60 AP-RVP 

CF 

39 

0.1146 

>90 




HEART-LUNG PREPARATION 


30 
29 
29 

29 
28 

14 
28 
28 

15 
15 

31 

30 
30 
30 
29 
29 

29 
15 
15 

30 
30 

30 
29 
15 
29 
29 
29 
29 
33 
33 
28 
33 
28 
15 

31 

31 

33 
15 
15 
15 
15 
15 
15 

29 

28 

29 

15 

32 

34 
29 
15 

32 
28 
15- 
28 

29 

33 

30 
29 


0.2450 
0.3930 
0.4480 
0.0724 
0.1680 
-0.1250 
-0.2750 
0.1880 
0.2200 
-0.3291 
-0.2118 
0.1710 
0.1810 
0.0590 
0.0640 
0.0310] 
0.1320 
0.1150 
-0.0910 
-0.0390] 
0.3966 
0.3620 
0.4750 
0.08001 
0.10961 
0.5250 
0.5179 
0.3290 
0.6420 
0.4030 
0.9010 
0.81 
0.7600 
0.7110 
0.4630 
0.0270 
0.6340 
0.1560 
0.5200 
0.4720 
0.3060 
0.6160 
0.0580 
0.4440 

0.5810 

0.4340 

0.9550 

0.5880 

-0.1450 

-0.0950 

0.5184; 

0.7210! 

0.9060 

0.8580 

0.5180 

-0.2530 

0.0940| 

0.5220 

0.4390 

0.0780] 


10-20 
2-5 
1-2 
70-80 
80-40 
50-60 
80-40 
30-40 
20-80 
20-30 
40-50 
30-40 
40-50 
70-80 
70-80 
80-90 
40-50 
50-60 
70-80 
80-90 
2-5 
2-5 , 
0 . 1 - 1.0 
60-70 
60-70 
0 . 1 - 1.0 
0 . 1 - 1.0 
5-10 
< 0.1 
2 ^ 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
5-10 
80-90 
< 0.1 
30-40 
2-5 
5-10 
20-30 
1-2 
80-90 
5-10 

< 0.1 
2-5 
< 0.1 
2-5 
40-60 
60-60 
0 . 1 - 1.0 
0 . 1 - 1.0 
< 0.1 
< 0.1 
5-10 
10-20 
60-70 
0 . 1 - 1.0 
1-2 
60-70 


bi 


1.127 

1.010 


0.3109 

2.8730l 

2.61441 


0.63871 

5.0261 

0.7914 

0.2699 

1.2706] 

0.0161 

1.6013 

0.2010 

0.2578 

0.0187 

117.39 


2.0556 


107.27 

10.027 

0.1213 

0.1616] 


0.0657] 
14. n7 
60.853 
7.3728] 


0.0634 

1.7101 


^bi 


2.259 

2.608 


2.286 

2.053 

2.862 


3.206 

3.146 

4.349 

2.458 

11.57 

10.30 

6.512 

5.158 

1.885 

4.420 

2.103 


2.827 


3.707 

2.457 

16.767 

2.625 


3.150 

3.740 

11.726 

8.508 


3.411 

2.583 


• Discussed in second paper of series (8). 
Symbols as in table 1. 
n «■ number of experiments, 
r coefficient of correlation. 


p w probability for chance occurrenoe of this degree 
of correlation. 

bi *■ dope of line of regression (rate of change) 
y on X. 

^bi * arithmetic mean over standard deviation. 
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ment or in delaying the onset of heart failure. Our impression from preliminary 
experiments and from previous studies with the perfused coronary system in 
fibrillating hearts was not substantiated. At present, therefore, we do not 
employ glucose and calcium gluconate as additions to the blood perfusate. The 
difference between the previous §ind the present experiments may be due to 
improved skill in making these preparations. 

The data on hearts in progressive failure scattered roughly over the same 
range as the data on hearts not in progressive failure, indicating that other 
factors sufficient to mask the influence of failure were at work. For this reason 
the data on these hearts are not separated from the other data, but they may be 
identified by reference to tables 1 and 2. 

The Significance of the Various Measurements and the Values Obtained, a. 
Venous pressures. In the isolated heart, the pressure in the veins entering the 
left auricle (LVP) varied from 2.2 to 17.1 cm. H 2 O, while the pressure in the 
veins entering the right auricle (RVP) varied more, from O.G to 27.0 cm. H 2 O 
(cf. cols. 10 and 11, table 1). In the heart-lung, LVP varied from 0.7 to 25.1 
cm. H 2 O, while RVP varied somewhat more, from 1.0 to 39.7 cm. H 2 O (cf. 
cols. 10 and 11, table 2). 

In the isolated heart preparation, left venous pressure is measured at a point 
between the blood reservoir and the left auricle. It is determined by four 
factors, the driving force or pressure head, the resistance offered to flow, the 
state of the left heart, and the degree of distention and elastic prop- 
erties of this portion of the circuit. The driving force is set at the reservoir. 
The resistance to flow is determined by the length and net cross sectional area 
of the tubing and the viscosity of the blood. (Narrow cannulae and kinking 
must, of course, be avoided; this was usually done successfully.) The state of 
the left heart expresses itself as the ability of the left ventricle to expel the blood 
coming to it against the resistance existing in the systemic circuit. Over- 
distention of the left heart, leading to mitral regurgitation, permits the backward 
transmission of at least part of the pressure created by the left ventricle during 
its systole. In the control values (table 1), this last factor was apparently 
non-operative. The resistance in the systemic circuit in this preparation is a 
twofold one, a, that in the extracoronary circuit, chiefly that due to the artificial 
peripheral resistance primarily set by the experimenter, and 6, the resistance 
existing in the coronary bed; the two circuits being in parallel. 

In the isolated heart preparation, right venous pressure is measured in the 
inferior vena cava. Its level is determined, apart from the influence of the 
degree of distention, on the one hand by the pressure remaining in the blood 
after it has passed the artificial systemic resistance interposed between the aorta 
and inferior vena cava. On the other hand, it is determined by the resistance to 
movement of blood distally, and more important, by the ability of the right 
ventricle to expel the blood coming to it from the inferior vena cava and the 
coronary bed against the resistance existing in the artificial pulmonary circuit 
into which it empties. This resistance is primarily determined by the setting 
of the artificial pulmonary resistance. The influence of kinking of the inferior 
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vena cava cannula, and of tricuspid regurgitation are similar tp those in the left 
side of the heart. 

The factors determining left and right venous pressure in the heart-lung 
preparation are similar to those in the isolated heart in most respects. They 
differ in that: 1, there is no fixed reservoir in the circuit, the rate of blood flow 
being set by varying the amount of circulating blood by means of an artificial 
reservoir described earlier; 2, there is no artificial resistance in the pulmonary 
circuit, the resistance being that of the lung circuit itself. 

6. Arterial pressures. In the isolated heart, the aortic pressure, AP, varied 
between 84 and 105 mm. Hg, and the pulmonary arterial pressure, PP, varied 
between 3 and 24 mm. Hg (cf. cols. 8 and 9, table 1). In the heart-lung prepara- 
tion, AP varied between 35 and 110 mm. Hg with most of the values above 80, 
and PP varied between 4 and 54 mm. Hg (cf. cols. 8 and 9, table 2). The low 
value of 35 mm. Hg for AP was in a heart in severe progressive heart failure. 

The aortic pressure in both the isolated heart and heart-lung preparations is 
measured between the aortic cannula and the systemic artificial resistance. 
At constant blood volume, aortic pressure is affected by changes in resistance 
in the coronary bed as well as by the changes in the artificial aortic-vena cava 
path; it is an index of the total systemic peripheral resistance. The variations 
in the net cross sectional area of the coronary bed are dependent upon the 
cardiac output, upon the setting of the peripheral resistance in the aortic-vena 
cava path and upon spontaneous variation in the tone of its vasculature; this 
will be discussed in greater detail in another communication (8) . The variations 
in the cross sectional area of the aortic-vena cava bed were controlled by adjusting 
the artificial peripheral resistance. Constriction of the aortic cannula and kink- 
ing at' the point of its insertion, constituting a ‘‘hidden’^ resistance load, were 
kept at a minimum. 

The pulmonary arterial pressure in the isolated heart is measured between the 
main pulmonary arterial cannula and the artificial pulmonary arterial resistance. 
Except for cases of kinking at the point of cannula insertion and the use of a 
narrow cannula which were avoided for the most part, pulmonary arterial 
pressure is an index of the peripheral resistance against which the right ventricle 
empties when cardiac output is constant. 

In the heart-lung, pulmonary arterial pressure is determined by the varying 
rates of linear flow and the net cross sectional area of the natural pulmonary 
vascular bed. / The latter will vary with the degree of inflation and deflation in 
inspiration and expiration, with the occurrence of small pulmonary vascular 
plugging and with the occurrence of pulmonary edema, as well as with the tone 
of the lung vessels. Obvious pulmonary vascular plugs and edema were not 
encountered at Ihe beginning of these experiments; nor were they common in 
their course. Constriction and kinking of the cannulae in the right and left 
pulmonary artery were avoided as far as possible. In short, the heart-lung 
differed from the isolated heart in having more uncontrolled variables deter- 
mining pulmonary arterial pressure. 

c. Pulmonary flow. Except during periods of change, the pulmonary flow, 
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the measure of the output of the right heart, must be equal to the output of the 
left heart, that is, to the sum of the coronary flow and the flow in the aorta beyond 
the opening of the coronary arteries. Pulmonary flow in the isolated heart is 
determined, therefore, not only by the height at which the reservoir is placed 
and the diameter of the tube emerging from it, but also by the ability of the 
ventricles to pump blood against their respective peripheral resistances. As 
shown in column 12, table 1, the pulmonary flow, PF, varied from 98 to 750 
cc./min. 

The situation is analogous in the heart-lung preparation except that the 
pulmonary peripheral resistance is not set but is a variable depending on the 
conditions in the lung circuit, and the blood flow is not set by a reservoir but by 
adding or subtracting blood from the circuit. Pulmonary flow, as shown in 
column 12, table 2, varied from 98 to 547 cc./min. 

d. Aortic flow. In both the isolated heart and heart-lung, the aortic flow, 
AF, is measured below the mouths of the coronary arteries; it is thus only part of 
the total output of the left ventricle. It will, of necessity, be the difference between 
the total output indicated by pulmonary flow and the coronary flow, except 
during the short intervals when conditions are altered. 

The range of aortic flow in both isolated heart and heart-lung was wide; in the 
former (column 13, table 1) it varied from 33 to 306 cc./min., in the latter 
(column 13, table 2) it ^^aried from 44 to 357 cc./min. 

e. Cardiac work. As explained in our previous communications (2-5) the 
work of the heart is calculated from the cardiac output (pulmonary flow), 
multiplied by the sum of aortic and pulmonary arterial pressures and by a suitable 
constant to convert cc./min, and mm. Hg to kgM./hr. Only the part of the 
external work of the heart which imparts pressure to the blood leaving the right 
and left ventricles is considered; the kinetic energy of the blood is disregarded, 
since it is negligible in the range of output studied (5). The calculation uses 
mean values of pressure and is not as accurate as would be the case if the values 
were integrated (10). Since work is determined by the variable pulmonary 
flow and the relatively constant aortic and pulmonary arterial pressure, it would 
be expected that cardiac work would show relationships similar to those of 
pulmonary flow. This was actually the case. Cardiac work, w, varied from 8.3 
to 66.0 kgM./hr. in the isolated heart (column 16, table 1) and from 7 .9 to 62.8 
kgM./hr. in the heart lung (column 16, table 2). 

/. Heart rate and blood temperature. The heart rate in these preparations is 
not set by an artificial pacemaker but is determined by the spontaneous activity 
of an auricular pacemaker, presumably the sinus node. The rate would depend 
on the state of the node, and the state and tem|>erature of the blood. In most 
instances the heart was regular; even in the heart-lung no arrhythmias related 
to respiration were noted, confirming the view that the respiratory sinus arrhyth- 
mia seen in the normal animal is neurogenic in origin. The few heart irre^- 
larities seen early in the course of the experiments were interpreted as being 
due to premature systoles. 

The heart rate, HR, varied from 50 to 148 beats/min. in the isolated heart and 
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from 60 to 144 beats/min. in the heart-lung (cf. column 15, tables 1 and 2). 
The temperature range encountered in these experiments was 29.0 to 37.0®C in 
the isolated heart and 28.0 to 38.0®C in the heart-lung (cf. column 3, tables 1 
and 2). 

Analysis of Graphs Involving Left Venous Pressure, The graphs relating left 
venous pressure to coronary flow will be discussed in another communication (8) . 
Of the other graphs only 3 in the heart-lung preparation showed any sort of 
linear correlation; none in the isolated heart preparation did (cf. table 3). The 
relationship between PF and PP-LVP will be considered under pulmonary flow, 

In the heart-lung preparation, left venous pressure showed a statistically 
significant linear correlation with aortic pressure and pulmonary arterial pressure 
(lines 2 and 3, table 3). The statistically significant correlation of left venous 
pressure with aortic and pulmonary arterial pressures indicates how closely 
linked these pressures are in the heart-lung preparation. The lack of correlation 
between pulmonary arterial pressure and left venous pressure in the isolated 
heart preparation is due to the fact that in this preparation the interposition of 
the adjustable pulmonary reservoir makes the two variables independent. In 
the heart-lung, pulmonary arterial pressure is not artificially set, and left venous 
pressure equals pulmonary arterial pressure minus the pressure drop across the 
natural peripheral resistance of the lung blood vessels. The fact that the 
two show a linear relationship suggests the absence of wide variation in intra- 
pulmonary vascular resistance. Similar considerations apply to the intact 
circulation; namely, that the pulmonary arterial and pulmonary venous pressures 
would be expected to vary in parallel fashion except when the intrapulmonary 
vascular resistance is altered. 

The linear relation between left venous pressure and aortic pressure in the 
heart-lung preparation was not seen in the isolated heart preparation apparently 
because the presence of the adjustable pulmonary reservoir makes the two 
variables independent. 

The lack of correlation of left venous pressure with pulmonary flow in both 
preparations appears to depend on the fact that the total resistance of the 
systemic circuit decreases as the cardiac output increases, probably due to the 
concomitant enlargement of the coronary bed. Since cardiac work, as men- 
tioned earlier, is closely correlated with pulmonary flow it is not surprising that 
left venous pressure and cardiac work reveal no linear correlation. 

Analysis of Graphs Involving Right Venous Pressure, The graphs relating right 
venous pressure to coronary flow will be discussed in another communication (8) ; 
those relating it to left venous pressure have been discussed above. In the 
other graphs no Bnear correlation was revealed (table 3) except in the relationship 
between AP-RVP and AF in the heart-lung preparation. This latter will be 
discussed under aortic flow. 

Analysis of Graphs Involving Aortic Pressure, The graphs relating aortic 
pressure to coronary flow will be discussed in another communication (8), those 
relating to leftWd right venous pressure have been considered above. In the 
other graphs only the one relating aortic pressure to aortic flow showed a sta- 
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tistically significant linear correlation in the isolated heart (line 23, table 3) 
while in the heart-lung, aortic pressure showed a linear correlation with aortic 
flow, pulmonary flow, work and pulmonary arterial pressure (lines 21, 22, 26 and 
23, table 3). In addition a linear correlation was found between AP-RVP and 
AF in the heart-lung; this will be discussed under aortic flow. 

Again the statistically significant linear relationships between aortic pressure 
and these flows and pressures indicate how closely linked these pressures and 
flows are in the heart-lung preparation. The presence of the adjustable reservoir 
and artificial 'lung’’ circuit in the isolated heart preparation makes these 
pressures and the pulmonary flow more independent variables. 

The relation of aortic flow to aortic pressure is exactly opposite in the heart- 
lung and isolated heart,. In the heart-lung, aortic pressure rises as aortic flow 
increases while in the isolated heart the aortic pressure decreases with rising 
aortic flow. When the influence of cardiac output (pulmonary flow) affects 
aortic pressure, as in the case of the heart-lung, a similar relation would be 
expected to exist, as found between aortic pressure and pulmonary flow, since aortic 
flow will vary with pulmonary flow. But when the influence of cardiac output 
(pulmonary flow) does not exert a statistically demonstrable effect, as in the 
isolated heart, then the effect of peripheral resistance will dominate. This 
implies that greater resistance in the artificial resistance in the extracoronary 
circuit will cause a decrease in aortic flow and simultaneously tend to increase 
the aortic pressure, as w as found. 

Analysis of Graphs Invovling Pulmonary Arterial Pressure. The graphs 
relating pulmonary arterial pressure to coronary flow will be discussed in another 
communication (8), those relating it to aortic pressure and to left and right venous 
pressure have been considered above. In the other graphs, the only statistically 
significant linear correlations were found in the heart-lung preparation, in which 
pulmonary arterial pressure showed statistically good linear relations with 
pulmonary flow and with w^ork (lines 27 and 29, table 3) and a statistically 
doubtful hnear relation with aortic flow (line 28, table 3). The relation between 
PP-LVP and PF will be discussed under pulmonary flow. 

In the heart-lung, pulmonary arterial pressure, as expected, is a dependent 
variable of pulmonary flo'w\ In the isolated heart, the independent setting of 
the artificial pulmonary resistance vitiates this relationship. Since aortic flow 
is a function of pulmonary flow in the heart-lung it might be expected to show 
some correlation with pulmonary pressure. This illustrates the more intimate 
interrelationship of flo^vs and pressures in the heart-lung preparation compared 
to the isolated heart preparation and this close interrelationship should hold in 
the intact circulation except insofar as it may be influenced by neurogenic or 
other factors. 

Analysis of Graphs Involving Pulmonary Flow. The graphs relating pulmonary 
flow to coronary flow’^ will be discussed in another communication (8), those 
relating it to the left and right venous pressures and to the aortic and pulmonary 
arterial pressures have been considered above. 

Aortic flow in both isolated heart and heart-lung preparations showed a 
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statistically good linear relation with pulmonary flow (line 31, table 3). A good 
linear correlation also was found to exist between stroke volume and pulmonary 
flow (line 53, table 3) indicating, as expected, that in these preparations cardiac 
output variations were due principally to changes in stroke volume. However, a 
good linear correlation was also found to exist between pulmonary flow and 
heart rate in the isolated heart (line 49, table 3) indicating that heart rate 
played a r61e in determining cardiac output; no such correlation was found in the 
heart-lung preparation. A similar discrepancy in the relationship of pulmonary 
flow and blood temperature was found; in the isolated heart the linear correlation 
was statistically good, in the heart-lung it was not (line 50, table 3). A sta- 
tistically good linear relation was found to exist between pulmonary flow and 
heart weight in both preparations (line 48, table 3) and between stroke volume 
and heart weight only in the heart-lung preparation (line 52, table 3), indicating 
that the large hearts have larger cardiac outputs and tend to have larger stroke 
outputs than smaller hearts. 

PP-LVP 

In the heart-lung, — — shows a positive linear correlation as expected 

(line 51, table 3) since the numerator is the pressure drop from the arterial to 
venous side of the lung circuit and this drop, assuming a fairly constant cross 
section in the pulmonary bed, should be a direct function of the linear velocity 
of flow in the lung vessels. 

Analysis of Graphs Involving Aortic Flow, The graphs relating aortic flow to 
coronary flow will be discussed in another communication (8), those relating it to 
the venous pressures, arterial pressures and pulmonary flow have been discussed 
above. 

Aortic flow showed a good statistically linear correlation with cardiac work 
(line 32, table 3) as was expected because of its close relationship to pulmonary 
flow. Only in the heart-lung preparation was a statistically good correlation 
found between aortic flow and the pressure drop between the aorta and inferior 
vena cava (line 59, table 3). Apparently other factors prevent this relationship 
from being demonstrable in the isolated heart. 

Analysis of Graphs Involving Cardiac Work. For the reasons discussed above 
in explaining the calculation of work, the graphs involving work were similar to 
corresponding ones involving pulmonary flow, the relation between pulmonary 
flow and work being statistically good (line 47, table 3). As has been stated, of 
the factors entering into the calculation of work only pulmonary flow was varied 
widely. Hence it is to be expected that work and pulmonary flow correlate with 
the same variables. 

Analysis of Graphs Involving Heart Rate. The graphs involving heart rate and 
pulmonary flow have already been discussed. Those relating it to coronary flow 
will be discussed in another communication (8). 

As expected a positive correlation is seen between heart rate and temperature 
in both the isolated heart and heart-lung preparations (line 58, table 3). 

While no graphs were made, a glance at columns 15 and 17 of tables 1 and 2 
shows that the O 2 level in the arterial blood had no apparent influence on the 
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heart rate. Coronary flow had no influence on heart rate (cf columns 14 and 15, 
tables 1 and 2). It is further apparent that the heart rate was not influenced 
by the product of arterial O 2 content and coronary flow. Apparently the O 2 
level in these experiments was above the critical value which might influence 
heart rate. 


SUMMARY AND CONCLUSIONS 

Two preparations, an isolated heart and a closed circuit heart-lung, are 
described in which the dynamics of the circulation could be analyzed under 
controlled conditions. The main differences between the two preparations are 
1 , that in the isolated heart preparation the circuit is interrupted between the 
pulmonary artery and left auricle by an artificial 'flung'' and a pump for returning 
blood to a reservoir, while in the heart-lung preparation the lungs are left in situ 
(the artificial "lung," pump, artificial pulmonary peripheral resistance and 
reservoir being omitted), and 2 ^ that artificial control is obtained in the isolated 
heart preparation by varying the artificial peripheral resistance placed in both 
the pulmonary and systemic circuits and/or the reservoir height, while in the 
heart-lung preparation artificial control is obtained by varying the artificial 
peripheral resistance placed only in the systemic circuit and/or the amount of 
blood in circulation. 

A total of 79 experiments was analyzed, 44 isolated heart and 35 heart-lung 
preparations. Graplis of various measurements were made of all these experi- 
ments using the initial control levels. These were subjected to statistical 
analysis in order to gain information about the circulatory dynamics in these 
preparations and to further knowledge of the cardiodynamics in the intact 
circulation. Considerations of the control of coronary flow are deferred to a 
later report (8). 

In general the experiments were of longer duration, progressive heart failure 
was longer delayed and less brusque in its development in the heart-lung than 
the" isolated heart preparations. Among the heart-lung preparations those in 
which heparinized blood was used survived longer than those with defibrinatcd 
blood. The presence of progressive heart failure in some of these preparations 
when the initial readings were made did not affect the graphs here analyzed 
in any significant manner. 

The significance of the various findings on the interrelation of the variables 
analyzed is discussed briefly. 

The outstanding fact observed was the greater degree of interdependence of 
the various pressures and flows in the heart-lung preparation compared to the 
isolated heart. This is attributed to the fact that in the heart-lung preparation 
the main change made is in the amount of circulating blood which tends to 
affect all the pressures and cardiac output at the same time and in the same 
direction. The greater freedom of experimental adjustment in the isolated heart 
nullified this to a large extent. In the intact circulation, it would appear that 
the changes would be interrelated somewhat as in the heart-lung preparation 
insofar as the adjustments are due to alterations in circulating blood volume. 
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Change in circulating blood volume is one of the most important, but not the 
only means, of adjusting the dynamics of circulation in the intact ammal. 
However, the operation of compensatory mechanisms in the intact ammal, 
chiefly of neurogenic origin, would modify the interdependence found in the 
isolated heart-lung preparation. 

We are indebted to the members of the department for assistance in the per- 
formance of these experiments, to Mrs. B. Lendrum and Mrs. J. Meyer for 
suggestions in preparing this report, and to Mrs. J. Meyer and Mr. H. Silverstone 
for assistance in the statistical analyses of the data. 
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The control of the coronary circulation has been extensively investigated 
but agreement has not yet been attained on many aspects (1). Attention has 
been devoted to this subject in this laboratory for some time and our previous 
results have been recently summarized (2), (3). Our more recent experiences 
with the dynamics of the isolated heart and heart-lung preparation have afforded 
the opportunity of studying the changes in coronaiy flow under more nearly 
natural conditions than in the preceding types of experiments and of relating 
these changes to alterations in other variables. 

The material of our study is incorporated in a number of graphs plotting one 
or more of the variables against the coronary flow at the start of the control 
periods of the 79 experiments used in our previous report (4). The facts estab- 
lished by the analysis of these graphs are supplemented by data obtained in the 
course of individual experiments following changes of various factors controlling 
the dynamics of the preparation. In our previous communication (4) we have 
given the details of the nature and method of establishing the preparations and 
the methods of measuring the various variables, and have analyzed what they 
represent; this report (4) should be consulted in order to facilitate comprehension 
of the discussion in the present report. 

Analysis of Control Values at the Start of the 79 Experiments. The scatter 
graphs of the data obtained at the start of the control period of the 79 isolated 
heart and heart-lung preparations (shown in tables 1 and 2 of a previous com- 
munication (4)) were subjected to statistical analysis to determine whether 
significant linear correlations were present. The statistical data so obtained are 
shown in table 3 of our previous communication (4). All surviving preparations 
are included in this analysis. In view of the expected variations from heart to 
heart it appears all the more significant that the control levels of coronary flow 
showed certain trends and correlations. 

a. Control values and significance of coronary flow measurements. The control 
values of coronary flow at the start of the experiments ranged from 39 to 392 
cc./min. in the isolated heart preparations and from 6 to 197 cc./min. in the 
heart-lung preparations (cf. col. 14, tables 1 and 2, of previous report (4)). 
This was equivalent to a coronaiy flow of from 0.34 to 2.06 cc./gram heart/ min. 

^ Aided by the A. D. Nast Fund for Cardiovascular Research. The department is sup- 
ported in part by the Michael Reese Research Foundation. 

* Mickle Fellow of the University of Toronto. 
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in the isolated heart and of from 0.05 to 1.67 cc./gram he^/min. in the heart- 
lung. Coronary flow is determined by subtracting the aortic flow, AF, measured 
beyond the mouths of the coronary arteries from pulmonary flow, PF, which 
measures cardiac output. The values of coronary flow so obtained presupp^e 
that the outputs of the two sides of the heart are equal and this is true dy- 
namically when conditions are stabilized. While conditions are changing it is 
quite possible that the two chambers do not pump the same quantity of blood. 
At such times the difference between pulmonary and aortic flow measures the 
disparity in cardiac output of the left and right heart as well as coronary flow. 
The error in measuring coronary flow is slight, however, except when conditions 
are changing rapidly. Consequently in this analysis we have used values for 
coronary flow only when conditions were stablized or changing slowly. 

b. Cormary flow and heart weight. Coronary flow was found to be linearly 
related to heart weight (line 35, table 3, previous report (4)) but the rate of flow 
per gram of heart mass does not differ in the large and small hearts (line 43, 
table 3, previous report (4))- Apparently the size of the coronary bed vanes 
more or less in proportion with the mass of the heart. Because of the dependence 
of coronary flow on heart weight not only the total coronary flow but also coro- 
nary flow per gram of heart weight was plotted against the other variables. 

c. Coronary flmv and the venous pressure levels. No linear correlation was 
found to exist between the right venous pressure and coronary flow and none 
was found between left venous pressure and rate of coronary flow per gram of 
heart mass (lines 7 and 16, tajile 3, previous report (4)). However, a statistically 
good inverse correlation was found to exist between left venous pressure a,nd 
total coronary flow in the isolated heart but not in the heart-lung preparation 
(line 6, table 3, previous report (4)). The biological significance of this correla- 
tion in the isolated heart is not clear to us, and we consider it probably fortuitous. 

d. Coronary flMV and the aortic pressure level. Surprisingly no linear correlation 
is found when aortic pressure is plotted against total coronary flow and against 
coronary flow per gram heart weight (figs. 1 and 2; lines 24 and 25, table 3, 
previous report (4)). These graphs demonstrate clearly that in the isolated 
heart and heart-lung preparation the height of the aortic pressure is not the only 
important factor influencing coronary flow. The resistance in the coronary be 
undoubtedly is variable from heart to heart permitting larger or smaller volume 

flows under the same driving force. • i 4 .- 

e. Coronary flow and the cardiac output and cardiac work. A linear correlation 
is seen between coronary flow and cardiac output (pulmonary flow) (fig. 3 and 
line 33, table 3, previous report (4)) and between cardiac output and corona^ 
flow per gram of heart muscle (fig. 4 and line 39, table 3, previous report (4^. 
Similar linear correlations are found when the cardiac output is rela,ted to the 
ratio of coronary flow/aortic pressure (fig. 5 and line 45, table 3, previous report 
(4)) and to the ratio of rate of coronary flow per gram of heart muscle/aortic 
pressure Qiae 44, table 3, previous report (4)). The ratio coronary flow/aortic 
preroure varies inversely with the coronary bed resistance encountered in eac 
preparation and is therefore an indication of the latter. Apparently coronary 
bed resistance varied inversely with cardiac ouput. 
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As might be expected the coronary flow correlates with work in the same 
manner as with cardiac output (lines 34, 40 and 46, table 3, previous report (4)). 

Fig. 1 Fig. 2 Fig. 3 



Fig. 1. Graph relating coronary flow to aortic pressure in the isolated heart and heart- 
lung preparations, using the control values at the start of the experiments, n = 29 in 
heart-lung, 39 in isolated heart; r = 0.0800 in heart-lung, —0.1326 in isolated heart; p = 
60-70 in heart-lung, 40-50 in isolated heart. The value bracketed at lower left of figure is 
35 mm. Hg. Discussed in text. 

Fig. 2. Graph relating coronary flow per gram heart weight to aortic pressure in the 
isolated heart and heart-lung preparations, using the control values at the start of the ex- 
periments. n = 15 in heart-lung, 35 in isolated heart; r = 0.1096 in heart-lung, —0.0655 in 
isolated heart; p — 60-70 in heart-lung, 70-80 in isolated heart. Discussed in text. 

Fig. 3. Graph relating coronary flow to pulmonary flow in the isolated heart and heart- 
lung preparations, using the control values at the start of the experiments, n = 33 in heart- 
lung, 44 in isolated heart; r = 0.7600 in heart-lung, 0.7325 in isolated heart; p = <0.1 in both 
preparations. The value bracketed at upper right of this figure and in figures 4 and 5 is 
750 cc./min. Discussed in text. 

Fig.. 4. Graph relating coronary flow per gram heart weight to pulmonary flow in the 
isolated heart and heart-lung preparations, using the control values at the start of the 
experiments, n = 15 in heart-lung, 35 in isolated heart; r = 0.5200 in heart-lung, 0.6830 
in isolated heart; p = 2-5 in heart-lung, <0.1 in isolated heart. Discussed in text. 

coronary flow 

Fig. 5. Graph relating the ratio : to pulmonary flow in the isolated heart 

aortic pressure 

and heart-lung preparations, using the control values at the start of the experiments, n 
29 in heart-lung, 39 in isolated heart; r = 0.5810 in heart-lung, 0.7800 in isolated heart; 
P =■ <0.1 in both preparations. Discussed in text. 

Since the cardiac work is proportional to pulmonary flow multiplied by the sum 
of aortic and pulmonary arterial pressures and since the pressures were kept 
constant within fairly narrow limits at the start of the experiments (cf. 4), it 
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foUows that work of the heart should show the same relationships as shown for 

cardiac ouput. , • ^ j- 

Coronary flow is a function of stroke volume as well as of minute car^ac 

output; a linear correlation is seen between the two (line 37, table 3, previous 
report (4)) . This is due to the fact that in our experiments variations m cardiac 
output occurred mainly as a result of alterations in stroke volume rather than m 

The dependence of coronary flow on cardiac output and its lack of dependence 
on aortic pressure are important findings for the initial state of the preparations. 

f . Cm-onary fim and aortic flow. Although aortic flow and coronary flow 
correlate with cardiac output no correlation is seen when they are plotted against 
each other in the isolated heart (line 30, table 3, previous report (4)). It is 
apparent from this lack of correlation that the partition of cardiac output between 
the coronary and aortic-vena cava circuits is variable in our preparations. 
partition ratio furthermore is found to be independent of cardiac output. Our 
findings emphasize the unreUability of considering aortic flow below the mouths 
of the coronary arteries as an index either of coronary flow or total cardiac ouput. 
In the heart-lung, a significant correlation was found between aortic and 


g. Coronary flow and arterial oxygen level. As the data (cols. 7, 14 and 17 , tables 
1 and 2) of our previous report (4) show, there is no correlation between coronary 
flow or coronary flow per gram of heart muscle and arterial O 2 content, when the 
control periods of various experiments are compared. Apparently, the oxypn 
content in the arterial blood in these experiments was well above the. critical 
level at which oxygen content affects coronary caliber (6). 

* h. Coronary flow and blood temperature and heart rate. Graplis relating coro- 
nary flow to heart rate and temperature, hnes 36, 38, 41 and 42, table 3, previous 
report (4), show that for the range of temperature investigated there is a linear 
correlation such that the coronary flow per gram of heart muscle tends to be 
hi gh with higher temperatures in the heart-lung and with higher heart 
rates in the isolated heart. The correlations of coronary flow per gram of heart 
muscle with temperature and with heart rate may be independent of each other or 
interdependent since heart rate has been found to be a definite function of 
temperature. The answer to this question will be deferred until data in single 

experiments are presented below. 

i. Coronary flow arid the pressure drop between the aorta and right auricle, ine 

graph “^^^ 7 in numerator is the pressure drop in the coronary 

bed and the denominator is the coronary flow, failed to reveal any Unear cor- 
relation (line 60, table 3, previous report (4)). This is m contrast to the linear 

correlation seen in the heart-lung in the graph (4), indicating that the 

great variation in cross section area of 4ihe coronary bed from preparation to 
preparation prevents the pressure drop from giving any in^cation of the mag- 
mtude of coronary flow. It reveals one of the defects of indirect measures of 
corohary flow employed in the past which depend on changes in the pressure 
drop in the coronary bed. 
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Results Obtained During the Course of Individual Experiments, a. Spontaneous 
variations in coronary flow during the course of an experiment. It was found that 
in many preparations there was a spontaneous increase in coronary flow in the 
course of the experiment. This spontaneous increase occurred independent 
of any increase in cardiac output. It had been seen previously in experiments in 
which the ventricles were deliberately kept fibrillatiiig (7). Heart failure was not 
essential for its occurrence; it often occurred in the absence of heart failure 
(fig. 6 and fig. 7, after 48 min., also fig. 3 of another report (5), figs. 2 and 3 of 
another report (11) and fig. 3 of another report (16)). The increase in coronary 
flow must have been due to some change in the perfusing blood or within the 
heart itself leading to vasodilatation of a humoral nature. In some cases, but 
not in all, the reduction in coronary resistance was enough to reduce the total 
peripheral resistance in the systemic bed and therefore to become evident as a 
fall in aortic pressure (fig. 6). In short, a spontaneous rise of coronary flow was 
seen with. constant cardiac output with or without a fall in aortic pressure. 
This observation has led us to consider that the ratio aortic pressure/coronary 
flow is a better index of coronary bed resistance than coronary flow alone. 

Spontaneous coronary dilatation led to a redistribution of blood flow, a 
greater fraction of the cardiac output being diverted through the coronary circuit 
and a smaller fraction running off through the parallel extracoronary systemic 
circuit, the aortic-vena cava path. This demonstrates again the error in assum- 
ing 1, that coronary flow remains constant in the course of an experiment, and 
2, that aortic flow is a constant fraction of total cardiac output, and therefore 
is a reliable index of the latter, as an experiment progresses. Both these assump- 
tions are inherent in some published results Avhich have utilized aortic flow as an 
index of cardiac output. The unreliability of determinations of cardiac work and 
mechanical efficiency based on these assumptions is obvious. 

In many experiments, spontaneous coronary dilatation led us to increase the 
systemic peripheral resistance in order to maintain the aortic pressure constant 
(fig. 7, after 43 min., and fig. 3 of another report (5)). This maneuver of course 
made the absolute and relative increase in coronary flow even greater than it 
would have been due to spontaneous coronary dilatation alone. 

In the presence of spontaneous coronary dilatation it was difficult to judge 
whether or not a deliberate alteration in a factor controlling the dynamics of 
the preparation had an effect on coronary flow. Our criterion for such an effect 
was a sharp change in the slope of the coronary flow curve plotted against time 
and a return to approximately the pre-existing slope when the previous con- 
ditions were restored. Fortunately there was a sufficient number of experiments 
in which this spontaneous coronary flow change was absent for a long time, 
or did not occur at all, thus enabling us to make correlations more certain. 

b. Effect on coronary flow of change in cardiac output in a single experiment. 
If the systemic peripheral resistance is left unaltered, a change in cardiac output 
(pulmonary flow) causes a change in the coronary flow in the same direction. 
In some instances (fig. 7, 1st 43 min., fig. 2 of another report (17), fig. 4 of another 
report (11) and fig. 2 of another report (5)) the aortic pressure remains unaltered; 
in others, it changes in the same direction (fig. 8). Even when the peripheral 
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Fig. 6. Chart showing pertinent data of a portion of a heart-lung experiment prior to 
the onset of progressive heart failure. Spontaneous coronary dilatation is manifest by an 
increasing level of coronary flow. This dilatation led to a fall in aortic pressure. The gen- 
eral levels of cardiac output (pulmonary flow) and of the peripheral systemic resistance 
were constant. Evidence of improvement of the heart is found in this experiment in the 
early drop in the venous pressure levels while the general level of cardiac output is un- 
changed. The fluctuations in cardiac output are mirrored in the curve of cardiac work, and 
for the most part also in coronary flow and in the venous pressures, especially the right. 
This experiment illustrates that aortic flow is not an index of cardiac output (pulmonary 
flow). RVP and LVP represent the right and left venous pressures. KgM. is kilogram- 
meters in this and other figures. Discussed further in text of this and a subsequent report. 

Fig. 7. Chart showing pertinent data of a portion of a heart-lung experiment. During 
the latter part of the chart there is evidence of mild progressive heart failure in the slight 
elevation of the venous pressures in the absence of change in aortic and pulmonary arterial 
pressure and in the absence of a rise in cardiac output. In the first 43 minutes coronary 
flow changes parallel the increase in pulmonary flow after which the coronary flow increase 
was due to spontaneous coronary dilatation, the general pulmonary flow level remaining 
constant. This was augmented by the progressive increase in peripheral systemic resist- 
ance necessitated in order to keep the aortic pressure from falling. The last increase in 
peripheral resistance did not increase coronary flow apparently because the cardiac output 
(pulmonary flow) was lowered at the same time thereby neutralizing the effect of the 
peripheral resistance increase. The first part of the experiment before the peripheral 
resistance is altered is an example of a change in coronary flow accompanying a change in 
cardiac output without any measurable alteration in aortic pressure being present. The 
experiment is another iUustration of the inability of aortic flow to depict the changes in 
cardiac output (pulmonary flow) . L. is left, Rt. is right, CF is coronary flow. Dotted lines 
in this and later figures are used to depict periods when no readings were taken. Discussed 
further in text of this and subsequent reports. . . + 

Fig. 8. Chart showing pertinent data of a portion of a heart-lung experiment prior to 
the onset of progressive heart failure. Left venous pressure was not recorded. It Bhovm 
the fiecrease in coronary flow accompanying a decrease in pulmonary flow. In this 
ment no attempt was made to maintain the aortic pressure constant by adjustment of the 
peripheral systemic resistance. Hence the aortic pressure fell and with it the piflmonary 
arterial and the right venous pressures. At the same time aortic flow and cardiac work 
declined. Periph. Res, is peripheral resistance, Pulm. is pulmonary , Cor. is coronary, Aor, 
i^ aortic, Press, is pressure, R, Ven. is right venous. Discussed further in text of this and 
a subsequent report. 
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resistance is changed in the opposite direction to keep aortic pressure constant, 
coronary flow may still follow cardiac output (cf. fig. 9, 1st 54 min.) although the 
change is less marked. From experiments in which the cardiac output is 
deliberately altered two facts stand out: 

1. Changes in cardiac output do not always cause changes in aortic pressui^e. 

2. Changes in cardiac output lead to changes in coronary flow in the same 
direction even when the aortic pressure is unaltered. 

The explanation for the first finding is that the aortic pressure level is an index 
of total peripheral resistance, that is, the resistance in the two parallel systemic 
circuits, the coronary and the extracoronary systemic circuits (cf. fig. 12). 
Increase in cardiac output tends to increase the content of these beds, distending 
them, and thereby automatically reducing their resistance to flow. The relation, 
however, is not linear. Aortic pressure, AP, equals the cardiac output, CO, times 
total peripheral resistance, TPR. It is clear that AP can be altered by changes 
in CO or TPR. For a rigid system TPR is constant and AP varies only with CO. 
This obviously does not hold in the vascular bed where the tubes are elastic. 
Changes in pressure within the vessel walls will cause distention and hence 
change in the resistance to flow. From Poiseuille^s law we know that the 
resistance to flow varies inversely as the fourth power of the radius or since 
radius is proportional to pressure, inversely as the fourth power of the pressure. 
But AP equals CO times TPR, and if TPR is reduced by increased CO, AP will 
increase less than if TPR were constant. Thus, it is possible in elastic tubes 
(or vessels) for cardiac output to increase greatly with very small, even imper- 
ceptible, change in pressure. The degree to which this factor affects pressure- 
flow relationships (in this case AP-CO relationship) will depend upon the 
elasticity of the vessels. This is unknown and varies greatly from animal to 
animal and when conditions are altered.'* 

^ A more precise definition of these facts follows: 

Consider a stretch of elastic vessel of length 1 and average radius r. (The ladius will be 
larger at the entrance to the segment than at its end, since the pressure is greater at the 

entrance.) Let p = pressure at entrance; pressure at end = 0. Average pressure = P = -. 
Let V = volume rate of flow. 

If vessel obeys Hooke’s Law (with respect to changes in radius caused by pressure 
changes), then 

r = ro -h CP 

where C =■ a constant and ro « unstretched radius (radius at 0 pressure). 


Now p » 



and 2P «■ 


K^vl 

(ro -f CP)^ 


V. 


Upon expanding and multiplying by (ro -p CP)^, and letting K 
aP + bP2 -f cP3 -P dP« -P eP^ = KV 


K^rjil we have : 


where: a =■ 2ro* c 12ro*C’‘ 

b - 8ro*C d - 8roC® e » 2CP 
When C « 0 (rigid tube), then2ro^P KV. 

When C is small (slightly distensible tube) and ro is large, the P^ term is negligible, but 
terms in lower powers become significant. 

When C is large, all terms beyond the first become significant. 
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Fig. 9. Chart showing pertinent data of a portion of a heart-lung experiment without 
progressive heart failure, in which cardiac output (pulmonary flow) and peripheral systemic 
resistance were deliberately altered. There was evidence of a slight spontaneous coronary 
dilatation in the general rise of the coronary flow curve, but not sufficient to obscure the 
induced changes. Between 35 and 54 min. pulmonary flow was temporarily increased and at 
the same time the peripheral resistance was decreased in order to keep the aortic pressure 
constant. The result was a slight but definite increase in coronary flow, despite the tend- 
ency of the peripheral resistance change to decrease coronary flow. At the same time, right 
venous and pulmonary arterial pressure rose but left venous pressure, following the aortic 
pressure, remained constant. The rise of the former pressures is an additive effect of the 
effects of the increased cardiac output (pulmonary flow) and the decrease in systemic periph- 
eral resistance, the former being the more dominant. Between 76 and 105 min. the p)eriph- 
eral systemic resistance was temporarily increased and the pulmonary flow little altered. 
This resulted in redistribution of the cardiac output, more of it being diverted through the 
coronaries and less appearing in the extracoronary aortic flow. This illustrates again that 
aortic flow is an inaccurate measure of cardiac output. At the same time, aortic pressure 
was elevated and with it the left venous pressure . The pulmonary arterial pressure was not 
affected, the right venous pressure, on the other side of the peripheral resistance, fell slightly 
as the resistance was increased. The sharp rise in aortic pressure caused the cardiac work to 
increase out of proportion to the small change in pulmonary flow . The last period, in which 
a small increase in cardiac output was produced with a simultaneous small decrease in 
peripheral resistance had an effect on the other variables similar to the first period when 
similar but greater alterations in cardiac output and peripheral resistance were produced. 
RVP i8 right venous pressure, CFIb coronary flow. Discussed, further in text of this and 
a subsequent report. 

Fig. 10. Chart showing pertinent data of a portion of an isolated heart experiment prior 
to and during early progressive heart failure. The latter is indicated by the fall in aortic 
pressure, with both the aortic peripheral resistance and pulmonary flow kept at a constant 
general level. The primary purpose of this figure is to show a sharp increase in coronary 
flow caused by a sharp rise in the aortic periplaeral resistance without any accompanying 
elevation in aortic pressure . The small increase in pulmonary flow contributes to this effect . 
This experiment illustrates that the increase in coronary flow is caused by the increased 
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The actual level at which aortic pressure no longer follows CO varied from 
preparation to preparation, and as the heart failed the level of maximum aortic 
pressure obtainable even with increase in cardiac output was lowered (cf. 11). 
The former can be explained by differences in volume elasticity coefficient of the 
coronary bed in different preparations, the latter by the fact that the heart 
enlarges as it fails. Similar changes in the level at which no demonstrable aortic 
pressure change occurs would also result from alterations in blood viscosity and 
vascular muscle tone. 



Fig. 12. Schematic diagram to represent the partition of the left heart output into two 
parallel circuits as exists in the isolated heart and heartdung preparations . Piston A is the 
left ventricle pumping blood into the two parallel circuits having variable capacity by virtue 
of their elasticity. C represents the coronary bed, and B the extracoronary systemic circuit. 
D is a mercury manometer measuring the pressure in the common trunk, the aorta. E 
represents the adjustable artificial systemic resistance . It is obvious that increased pump- 
ing at A will increase the flow in C, and it is also obvious that increased compression at E 
will divert more blood to circuit 0. Discussed in text. 

The experimental correlation of coronary flow with cardiac output is apphcable 
to the intact circulation in animals and man. Whatever the r61e of the nerves 
may be in the innervated heart, these experiments clearly show that a self- 

peripheral resistance in the extraooronary circuit per se and not necessarily through the 
intermediary of an increase in aortic pressure. The effect of incre^ing pulmonary periph- 
eral resistance on pulmonary arterial pressure is also seen. This experiment illustrates 
once again the inaccuracy of aortic flow as a measure of cardiac qutput. Resist, is resist- 
ance, Pvlm. is pulmonary, Cor. is coronary. Press, is pressure, L. and R. are left and right. 
Fen. is venous. Discussed further in text of this and subsequent reports. 

Fig. 11. Chart showing pertinent data of a portion of an isolated heart experiment in 
which cardiac output was kept constant and the peripheral resistance in the pulmonary and 
extracoronary systemic circuits was temporarily increased between 34and 71minutes. The 
increase in the extracoronary systemic resistance led to a redistribution of the cardiac out- 
put, the aortic flow decreasing and the coronary flow increasing. As expected, the artenal 
pressures rose during this period and the work of the heart increased. The changes in 
venous pressure appear to be independent of the induced changes in the peripheral resist- 
ances. At constant cardiac output, the early fall in the venous pressure suggests spontane- 
ous improvement of the heart, and the later rise in the venous pressures with cardiac output 
constant indicates the development of progressive heart failure . Discussed further in text 
of this and subsequent reports. 
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regulating mechanism adjusting the coronary flow to the cardiac output is 
present in the denervated. heart. This occurs despite the tendency of the extra- 
vascular forces which are increased by increasing heart output to decrease 
coronary flow, when the coronary circuit is fed from a separate circuit (8)®. 
Apparently when the coronary circuit shares the left ventricular output with 
the other parts of the systemic circuit, whether this latter be the natural one, 
or as in these experiments, an artificial one, then some mechanism overcomes the 
contrary action of the extravascular forces, and coronary flow increases. This 
is not due to any direct or indirect nerve action since these preparations are 
denervated and isolated. It is possible that this may be due to an accumulation 
erf vasodilator metabolites when the heart works harder and so augments its 
energy exchange; this mechanism does operate in ischemia (6) and it may 
operate in some instances when augmentation of cardiac output leads to relative 
ischemia. The phenomenon can be explained on a purely mechanical basis. 
Obviously, if the left ventricle pumps out more blood, this must run off through 
the p»eripheral circuit, that is, through the coronary bed and through the other 
systemic paths. If no active change in caliber of any of these vessels occurs the 
increase in flow will be shared more or less proportionally by all parts of the 
systemic circuit, including the coronary bed. In short, on a purely mechanical 
basis of a simple sort it would follow that the coronary flow would be a function 
of the cardiac minute output. Other influences act simply to modify this 
fundamental correlation. This mechanical dependence of coronary flow on 
cardiac output is an important law of the heart which apparently hitherto has 
beeen overlooked. Such a dependence of coronary flow on cardiac output has 
been reported by Rein (9) in the intact animal but was ascribed by him to neuro- 
genic and humoral factors. Our results show that these factors are not neces- 
sary, the correlation being explainable entirely on a mechanical basis. 

Contrary results reported in the literature are due, we believe, to several 
factors: 1, studying the coronary circuit perfused from a separate circuit, as in 
our earlier studies (8); 2, comparing coronary flow with the flow in the rest ot 
the systemic circuit and assuming that the latter is the total cardiac output, 
and 3, ignoring the fact that variations in the resistance of the peripheral systemic 
bed outside the coronary bed alter the partition between extracoronary systemic 
flow and coronary fl^w. In many experiments on cardiac output, endeavors 
are made to keep the aortic pressure artificially constant. When the cardiac 
output is increased, aortic pressure tends to rise; to overcome this the peripheral 
resistance, is decreased, and hence blood flow is diverted into the peripheral 
extracoronary circuit. For example, this will explain the relatively small increase 
in coronary flow observed following rises in cardiac output in figure 9, first 54 
minutes, since peripheral resistance had to be decreased to keep aortic pressure 
constant. If the decrease in peripheral resistance is made great enough the 

‘ However, changes in the degree of extravascular pressure created in the walls of the 
heart and in the pressure in the right heart cayitks into which most of the coronary blood 
drains (10) do have an influence; obviously if the cardiac output is unchanged, increases in 
these two factors, as might occur in right heart ftulure, will tend to decrease coronary flow. 


CONTROL OF CORONARY FLOW IN DENERVATED ISOLATED HEART 489 


simultaneous increase of cardiac output and decrease of peripheral resistance 
may leave coronary flow unchanged (cf. fig. 3 of previous report (13), first 70 
min.*) or even decrease it. 

This adjustment of coronary flow by passive change in the caUber of the 
coronary bed brought about by variations in cardiac output provides an auto- 
matic adjustment of coronary flow as the heart work and energy expenditure 
alter. The coronary flow is kept at a minimum when the cardiac output is low 
and it increases when the cardiac output augments, thus tending to prevent 
coronary insufficiency. In the presence of coronary sclerosis with narrowing and 
less distensible vessels or in the presence of coronary closures it is obvious that 
this mechanical adjustment of coronary flow to increases in cardiac output will 
be lessened, permitting coronary insufficiency to occur. Coronary disease, 
therefore, may bring about an impairment of the normal mechanical adjustment 
of coronary flow to cardiac output, thus limiting the ability of the heart to cope 
with the changes in venous return constantly occurring during activity. 

c. Effect on coronary flow of changing the systemic peripheral resistance in a 
single experiment. Peripheral resistance was altered during the course oi an 
experiment either arbitrarily to study the effects of this step, or when necessary 
to keep the aortic pressure constant: 1, when spontaneous coronary dilatation 
occurred and 2, when cardiac output was deliberately altered. It has been 
pointed out above that such peripheral resistance alterations cause a redistribu- 
tion of the cardiac output between the coronary and extracoronary paths. An 
increase in the systemic peripheral resistance increased coronary flow (fig. 9, 
54 min. and later, figs. 10 and 11, and fig. 2 of another report (11) in the last 
7 min.); a decrease, decreased coronary floAV (fig. 9, 87 min. and later, fig. 11). 
In short, induced changes in the systemic peripheral resistance altered the 
partition of the cardiac output between aortic and coronary flo\\ , just as did 
spontaneous variations in coronary circuit resistance (fig. 6, fig. 7 after 43 min.). 

While alterations in the systemic circuit resistance under constant cardiac 
output caused similar variations in coronary flow, they did not always cause 
similar changes in aortic pressure. For example, incre^ising the resistance of the 
extracoronary systemic circuit led to an increase in coronary flow whether the 
aortic pressure rose (figs. 9 and 11) or not (fig. 10 and fig. 2, last 7 min., of 
another report (11)). It is thus apparent that the changes in coronaiy flow 
accompanjdng alterations in systemic peripheral resistance are not secondary to 
increases in the aortic pressure. The partition of flow between these tvo beds 
(C and B, fig. 12) is dependent on their relative resistance while the aortic pres- 
sure is dependent on the total peripheral resistance, Rt* Rt is determined by 

— = — -U — where r© is the coronary’' bed resistance and I’s that of the extia- 
Rt To Ts 

coronary systemic bed. It is obvious from this relationship that rc and rs 

« In this experiment there was a spontaneous coronary dilatation causing coronary flow 
to increase steadily. At the time pulmonary flow was increased, systemic peripheral re- 
sistance (not shown) was reduced to keep aortic pressure constant. No change in the 
slope of the coronary flow curve is discernible. 
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couid change simultaneously in such directions and magnitudes as to leave Rt 
unchanged. Thus when r. is raised the increased flow in the coronary circuit 
distends the coronary bed and automatically decreases its resistance. The 
presence or absence of elevation in aortic pressure will thus depend on the 
extent to which the coronary resistance decline neutralizes the increase in the 
extracoronary systemic resistance. 

To repeat, it is apparent from the foregoing discussion that readjustments 
in the distribution of blood between the aortic-vena cava and coronary circuits 
are not necessarily accompanied by changes in aortic pressure and that change in 
aortic pressure does not by itself predicate corresponding change in coronary flow. 
The important co-determining factor is the degree of resistance set in the artificial 
systemic (aortic-vena cava) circuit. This concept cannot be stressed enough. 
It is the resistance in the systemic circuit which is important; the diversion of 
blood into the coronary circuit which results when it is increased, decreases the 
coronary resistance and hence lessens or prevents the rise in total peripheral 
resistance. In this way, aortic pressure, the measure of total peripheral resist- 
ance, rises little or not at all. This mechanism probably operates also in the 
intact animal. By narrowing of some of the major systemic pathways, coronary 
flow changes may be brought about without much change in blood pr^sure. 
The application of this principle to the partition of flow among other circuits 
in the systemic circulation is obvious. 

The futility of judging coronary flow solely from the level of the aortic blood 
pressure is apparent. This is not to be taken to mean that increasing the 
pressure head at the mouths of the coronary arteries does not cause aii increase 
in coronary flow, but rather that other more important factors come into play 
which operate 1, to lessen this effect, and 2, to reduce the pressure head on a 
purely mechanical basis of coronary distention. 

Both Anrep and King (12) and we (8) have shown that when the coronary 
circulation is fed from an independent source so that the driving force is not 
dependent on the vigor of the heart, as is the case in the intact animal, then the 
coronary flow depends on the pressure level of the reservoir feeing the coronary 
vessels. The objection was raised (8) that in Anrep and King’s experiments 
(12) this finding may have been due to a redistribution between the perfused and 
non-perfused coronary arteries. This objection does not apply to our earlier 
work (8) since all the coronary vessels were perfused by the separate reservoir. 
Thus, there is no doubt that in the isolated coronary circuit one of the important 
factors controUing flow is the pressure level in the chamber feeding these vessels. 
However, this does not imply that in the isolated heart or heart-lung preparation 
the most important factor is the aortic pressure level as Anrep (14) and, more 
recently, Hausner, Essex et al. (15) have stressed, to the point of minimizing 
the effect of cardiac output on coronary flow . Our data show that aortic pressure 
is far from the most important factor controlling flow in such preparation and 
this should apply to data in animals and man when the circulation is intact. 
A great deal of the earlier interpretations based on the assumption that aortic 
pressure is the important controlling factor, and ignoring the rdle of cardiac 
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output and the state of vasomotor tone in the extracoronary peripheral vascular 
beds, will need to be reinterpreted on the basis of the present findings. 

d. The influences altering coronary flow in the isolated heart and heart-lung 
'preparations. The foregoing discussion shows that an important factor deter- 
mining coronary resistance is the quantity of blood which the coronary bed 
contains. So much attention has been paid to driving force, extravascular 
resistance and active changes in coronary caliber that the important effect of 
purely passive changes in its caliber has not been sufficiently considered. 

Thus the two most important influences adjusting coronary flow in the isolated 
heart and heart-lung preparations and presumably in the intact circulation are 
mechanical factors not involving nerve reflexes or humoral mechanisms, which 
vary the passive distention of the coronary bed, namely, 1, the minute cardiac 
output, and 2, the magnitude of the resistance of the extracoronary systemic 
beds. Before any other particular influence on coronary flow is analyzed, the 
question should be answered whether or not the coronary flow change obtained 
is a measure of the alteration in one or both of these two factors produced by the 
variable under consideration. When this rule is applied the roles of aortic 
pressure and cardiac extravascular compression of the coronaries in the intact 
circulation may be found to be of little significance by comparison. 

The influence of nerve reflexes, drugs and humoral substances on coronary 
caliber is, of coume, not denied, but in each instance a direct effect must be 
distinguished from the effects secondary to changes in cardiac output and extra- 
coronary peripheral systemic resistance because obviously the direct effect on 
coronary caliber may be masked or reversed. Doubtless much of the controversy 
concerning the factors affecting coronary flow has arisen because cardiac output 
and extracoronary systemic resistance were not kept constant or their influence 
was not considered when they were changing. 

e. The effect on coronary flo^v of change of temperature and of heart rate in a single 
experiment. The change in temperature during the course of an experiment 
was usually less than 1°C., rarely it amounted to 2 or 3°C. No striking change 
in coronary flow accompanied these larger changesdn temperature which could 
not be attributed to changes in either cardiac output or peripheral resistance 
of the extracoronary systemic circuit, or to spontaneous increases of coronary 
flow. A similar situation was found with regard to spontaneous changes in 
heart rate, which, in a single experiment, amounted usually to an increase or 
decrease of the order of 10 beats/min. Reliance, therefore, was placed on 
several experiments in which heart rate was deliberately changed either with a 
Lewis interrupter stimulating the auricles or by heating and cooUng the sinus 
node with test tubes containing warmed and cooled water. These experiments 
were all done with isolated heart preparations. Fourteen such changes in rate 
were produced and the effects analyzed. In all instances the heart rate change 
was associated with changes in pulmonary flow’ and/or peripheral resistance 
of the extracoronary systemic bed and the changes in coronary flow could be 
readily attributed to the latter changes (cf. figs. 4, 5 and 6 of another report (5) 
and legends for details). Depending on circumstances, in this small series w^e 
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obtained instances in which increased heart rate was associated with 1, increased 
coronary flow due either to an increased cardiac output or increased resistance 
of the extracoronary systemic circuit (fig. 4, 1st part, of another report (5)); 
2, a decreased coronary flow due either to a decreased cardiac output or decreased 
resistance of the extracoronary systemic resistance (fig. 5 of another report (5)) 
or 3, little or no change in coronary flow when cardiac output and extracoronary 
systemic resistance changed in opposite directions (fig. 6 of another report (5)) 
or were unchanged (fig. 4, 2nd part, of another report (5)). 

Apparently from these results, the contradictory changes in coronary flow 
reported in the literature may be due to varying secondarj' effects following 
spontaneous or deliberate alterations in cardiac output and changes in systemic 
peripheral resistance, the latter produced to keep aortic pressure constant. 
Whether or not heart rate changes per se, by altering the ratio of time spent by 
the heart in each of its cyclic phases, cause changes in coronary flow, we cannot 
state from our present data. Our previous studies with the separately perfused 
coronary circulation (8) show that heart rate changes per se do have an effect 
when the coriaiary vessels are separately perfused. 

The absence of any demonstrable direct correlation between heart rate and 
coronary flow in the isolated heart preparation when heart rate was deliberately 
altered leads to the conclusion that the changes of coronary flow per gram of 
heart weight, reported above, when comparing control periods of different 
preparations, are more likely due to the temperature change rather than to 
heart rate change unless the relationship found is coincidental. The mechanism 
presumably would be a humoral one due to the accumulation of vasodilator 
metabolic byproducts in greater quantities at the higher temperatures. ’ 


SUMMARY 


Coronary flow was studied in isolated heart and heart-lung preparations of 
dogs by examination and analysis of graphs correlating one or more factors with 
coronary flow in the control period at the start of each of 79 experiments, and by 
data obtained in individual experiments following alteration of the various 


factors controlling the dynamics of the preparation. 

In the graphs, coronary flow at the beginning of the experiments was found to 
vary with heart weight, but not with venous or aortic pressure levels. On the 
other hand, there was striking correlation of cardiac output (measured as 
pulmonary flow) with coronary flow, index of reciprocal of coronary resistance 
- ' coronary flow 


I-" 

per gram heart weight. Correlations of work of the heart were similar to 
those of pulmonary flow since in our preparations the latter is the main variable 
in calciiiation of cardiac work. Coronary flow was found to be independent of 
aortic flow and of arterial oxygen level (of the range in our experiments) but 
coronary flow per gram heart weight tended to increase with increase of tem- 
perature or heart rate. The pressure drop between the aorta and right auricle 
in the heart-lung preparation correlated with aortic flow but not with coronary 
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flow, indicating great variation in cross section of the coronary bed from prepara- 
tion to preparation. 

Examination of the course of individual experiments explained the above 
correlations and lack of correlations. They showed that the two most important 
mechanical factors influencing coronary flow in the isolated heart and heart-lung 
preparations, and presumably in the intact circulation, are cardiac ouput and 
systemic peripheral resistance — apart from spontaneous changes in coronary 
resistance which tend to occur during the course of the experiments. Thus, 
both increase in minute cardiac output and increase in extracoronary vascular 
resistance, increase coronary flow. 

These two factors act automatically, and mechanically, without involving 
nerve reflexes or humoral mechanisms to bring about their effect. Their im- 
portance has hitherto not been properly appreciated. 

Aortic pressure, which has an important influence on coronary flow in artificial 
preparations in which the coronary circuit is dissociated from the systemic 
cricuit, does not play as important a part in the intact circulation. In the intact 
circulation, changes in aortic pressure are usually coincidental, secondary to 
change in cardiac output, systemic peripheral resistance, or both. The aortic 
pressure change tends to be minimized as a result of lessening of the change in 
total peripheral resistance by the alteration in coronary resistance brought about 
in turn by the passive alteration in the diameter of the coronary vessels. Change 
in coronary flow due to the predominant influence of one or both of the two factors 
mentioned above may occur in the absence of, or with similar or opposite, change 
in aortic pressure. 

The degree of cardiac extravascular coronary compression is not as marked an 
influence as these other two factors and its effect is obscured. Similarly the 
effect of cardiac output and peripheral resistance may mask or reverse the 
influence of nerve reflexes, drugs, and humoral substance on coronary caliber and 
coronary blood flow. 

In experiments in which heart rate was deliberately altered there was no 
predictability in the change in coronary flow, since coronary flow changes 
occurred as the result of change in cardiac output or peripheral resistance, and 
no effect of heart rate per se could be distinguished. 

The lack of relationship of coronary flow to aortic flow in the control periods of 
different preparations compared to the correlation of coronary flow with pulmo- 
nary flow, and the similar variability of aortic flow with respect to both coronary 
flow and pulmonary flow during the course of individual experiments, shows the 
fallacy in assuming, as some have done, that aortic flow below the mouths of the 
coronaries is an accurate index of either coronary flow, total cardiac output, 
cardiac work or stroke volume. 

We are indebted to the members of the department for assistance in the 
performance of these experiments, to Mrs. B. Lendrum and J. Meyer for sug- 
gestions in preparing tliis report and to Mrs. J. Meyer and Mr. H. Silverstone 
for assistance in the statistical evaluation of the data. 
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The dynamic and energetic changes occurring in spontaneous heart failure 
were investigated in the denervated isolated heart and closed circuit heart-lung 
preparations described in a previous communication (1). In order to appreciate 
the changes attributable to heart failure, it is important to ascertain the range of 
variation and the interdependence of the various pressures and flows before the 
heart goes into failure. In this report, we will therefore consider the stability 
of the various pressures and flows when conditions are not deliberately altered, 
and the interrelation of these factors when one shows a spontaneous change or 
when such a change is deliberately induced during the period in which evidence 
of progressive heart failure is absent, or failure is developing very slowly. This 
information is important in determining which of the changes encountered in 
heart failure are attributable directly to the loss of power of the heart and which 
are secondary to the adjustments which this loss of power necessitates. The 
latter, of course, can be considered as peculiar to the failing heart only if similar 
changes cannot be brought about by the same adjustments in the non-failing 
heart. Lack of appreciation of this may lead, as it doubtless has done in the 
past, to an erroneous conception of the changes primarily resulting from failure 
of the heart. 

The period of progressive heart failure in these experiments was assumed to 
have begun 1, when, with the cardiac output kept constant, the right and/or 
left venous pressures rose progressively, or 2, when, in some of the isolated 
heart preparations, with the venous inflow pressure head not lowered, the 
car4iac output decreased and/or one or both venous pressures rose and/or the 
aortic pressure fell. The reasons for the use of these criteria will be discussed 
in a later communication (2). 

All preparations having a non-failing control period are included, except when 
there was a paucity of readings in the control period, when the control period 
lasted less than 15 minutes, or when marked irregularity of cardiac action was 
present. The control period was considered terminated when progressive heart 
failure set in, when drugs (aside from heparin, glucose, NaCl or Ca gluconate, 
initially added) were administered or when gross cardiac irregularity developed. 
Thirty-eight experiments with valid control periods are used in this analysis, 
13 on isolated heart and 25 on heart-lung preparations. The duration of the 

1 Aided by the A. D. Nast Fund for Cardiovascular Research. The Department is sup- 
ported in part by the Michael Reese Research Foundation. 

® Mickle Fellow of the University of Toronto. 

* Now at the St. Louis University School of Medicine, St. Louis, Mo. 
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control periods varied from 19 to 190 minutes. In 6 of the isolated heart 
preparations, the pressure head of the venous reservoir connected to the left 
auricle was maintained constant. In some, however, the attempt was made to 
adjust it in order to maintain the cardiac output constant. The aortic and 
pulmonary arterial pressures were kept constant in all but 2 of the preparations, 
as far as possible, by adjusting the artificial systemic and pulmonary resistances. 
In the heart-lung preparation, the aortic pressure and cardiac output were kept 
as constant as possible by adjusting the sptemic artificial peripheral resistance 
and the total blood volume in the preparation. 

In a few experiments, these adjustments in both the isolated heart and heart- 
lung did not achieve the desired constancy of pressures and cardiac output. 
In the course of other experiments the cardiac output and the peripheral resist- 
ances were deliberately varied. In addition, spontaneous changes were encoun- 
tered. Thus, in some experiments, there was evidence of cardiac improvement, 
evidence of spontaneous changes in coronary flow (already discussed (3)), and, 
in the heart-lung preparation, evidence of change in the resistance in the lung 
circuit caused by the development of pulmonary thrombi, pulmonaiy edema or 
by spontaneous changes in tone of the pulmonary vasculature. Occasionally, 
changes in blood temperature occurred, and the heart rate altered. In several 
experiments changes in heart rate were deliberately induced. 

When adjustments are adequate and spontaneous changes in the coronary 
resistance, pulmonary resistance and heart rate are absent, the non-failing heart 
will maintain a constant output and constant pressure levels in the veins and 
arteries for the duration of the experiment (fig. 1). When, however, the adjust- 
ments are inadequate, when deliberate changes are made or when spontaneous 
variations occur, flows and pressures change. In the present report, the attempt 
is made to analyze these changes. The correlation of the spontaneous or 
deliberate changes in one or more of the variables with the associated changes 
in the other dynamically significant factors is attempted. An analysis of this 
type has already been presented for the factors concerned in coronary flow (3). 
The present report will deal with the following subjects: 

1 . Improvement of the heart. 2. Spontaneous changes in coronary resistance. 

5. Spontaneous changes in heart rate. 4- Adjustments of cardiac output. 

6. Adjustments of peripheral systemic (and/or pulmonary) resistance. 6. 
Adjustments of heart rate. 7. Changes in pulmonary vascular resistance. 

Improvemeht of the Heart. Improvement of the heart was seen frequently 
during the first 30 or 45 minutes after the preparation was established and 
sometimes later in the experiment. It was manifested, for instance, by a fall 
in the venous pressure on the right and/or left side of the heart at constant 
cardiac output and aortic pressure (figs. 6 and 11 of a previous report (3) and 
fig. 2 of a subsequent report (2)). There was, under these circumstance, a 
visible shrinkage in heart size. In other instances improvement was evident 
from an increase in cardiac output without a concomitant rise in left an /or 
right venous presure. Where the improveinent of the heart was seen just after 
the preparation was established, it probably represented recovery of a heart from 
the handling and manipulations necessary for setting up the experiment. 
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There is reason to believe that spontaneous increase in coronary flow, which 
occurs in some but not all cases within 30 to 45 minutes after setting up the 



Fig. 1. Chart showing pertinent data on a portion of a heart-lung experiment during 
which little variation occurred in the general level of the various variables measured. After 
120 minutes progressive heart failure appeared, evidenced by a rise in right venous pressure 
without change in pulmonary flow or in the other variables. During the first portion of the 
chart a drop of 1°C. in blood temperature occurred, accompanied by a simultaneous drop in 
heart rate of about 10 beats/min. Except for right venous pressure after 120 minutes, the 
fluctuations in pulmonary flow are accompanied for the most part by like changes in the 
coronary and aortic flow and in the right and left venous pressures. KgM, is kilogram- 
meters in this and other figures. Discussed further in text of this and a subsequent 
report (2) . 

Fig. 2. Chart showing pertinent data on a portion of a heart-lung experiment prior to 
progressive heart failure to show lack of effect of large changes in cardiac output (pulmonary 
flow) on aortic pressure. Only in the first 8 minutes could this be attributed to adjustments 
of peripheral systemic resistance. After this the peripheral resistance was at a constant 
level. Despite the constancy of aortic pressure, coronary flow varied greatly and paralleled 
the changes in pulmonary flow. Similar changes, but of lesser degree were also induced, for 
the most part, upon the right venous and pulmonary arterial pressures. The left venous 
pressure like the aortic pressure was not affected by the changes in cardiac output. PuItyi. 
is pulmonary, Coro, is coronary, Periph. is peripheral, Press, is pressure, R. and L. are right 
and left, Ven. is venous. Discussed further in text of this and a previous report (3) . 

Fig. 3. Chart showing pertinent data on a portion of a heart-lung preparation prior to 
progressive heart failure to illustrate the effects of spontaneous pulmonary and coronary 
dilatation. The latter led to the progressive rise in coronary flow at constant level of car- 
diac output (pulmonary flow) , the aortic pressure remaining constant, later being prevented 
from falling by increasing the peripheral systemic resistance. The resulting redistribution 
of cardiac output between the aortic and coronary flows is apparent. Spontaneous pulmo- 
nary dilatation is evidenced by the drop in pulmonary arterial pressure and the decline in the 
pressure drop between the pulmonary artery and veins . The fluctuations in pulmonary flow 
are reflected, for the most part, in the pulmonary arterial pressure and in the pressure drop 
between the pulmonary artery and pulmonary veins, in the cardiac work and in the aortic 
and coronary flows. Discussed further in text of this and a previous report (3). 

preparation (compare figs. 6 and 11 of a previous report (3)), may have been 
the main factor leading to improvement in cardiac condition. This presupposes 
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that ih some of the preparations the coronary flow was at a critical level and the 
power of the heart limited by coronary flow. Evidence for this assumption is 
seen in some cases of delayed improvement following spontaneous increase m 
coronary flow. 

Spontaneous Changes in Cormary Flow. The occurrence of spontaneous 
dUatation of the coronary bed has already been discussed in an earlier com- 
munication (3). Its presence was deduced from readings showing an increase 
in coronary flow with a concomitant decrease in aortic-vena cava flow and a 
tendency for a drop in aortic pressure. In this report we will deal with the 
effects of these changes upon the pressures and flows elsewhere. The most clea^ 
cut information is obtainable from those heart-lung preparations in which 
cardiac output is kept constant, and we will confine our analyses to these. In 
order to T»ftmt.a.in the aortic pressure constant, the artificial systemic resistance 
needed to be increased in most instances, since the reduction in coi^onary ^ist- 
ance tended to reduce the total systemic peripheral resistance. The adjust- 
ments, except in one case, were successful in maintaining aortic pressure. They 
led to a further decline in aortic flow and a further incre^e in coronary flow. 

In a number of experiments in which coronary flow increased, aortic pr^sure 
did not fall even though the systemic peripheral resistance was not adjusted 
(cf. fig. 3, first period, and fig. 9 of a previous report (3)). The expiration for 
this probably lies in the fact that the calibre of the tubing constituting the 
artificial peripheral resistance is not only a function of the pressure 
around it, but of that exerted within it. Recently it has been shown (5) that 
when the pressure inside a thin rubber tube is rPro^imately equal to that 
outside it, small, almost immeasurable, changes in internal pressure will produce 
large changes in tube calibre. With a constant cardiac output, when ^ronary 
flow increases, aortic flow decreases. Associated with this decrease in aortic 
flow may be a small decrease in internal pressure in the tubing of the aortic-vena 
cava circuit. T his may be too small to affect the aortic pressure noti^ab y 
but may be sufficient to alter considerably the calibre of the tubing iu the 
artificial resistance, leading to an increase in the resistance offered by it. The 
pressure change in the air chamber surrounding the artificial resistance is too 
to be measurable with a mercury manometer because the volume change 
produced is small. The increase in resistance so produced in the aortic-vena 
cava path may be sufficient, in some instances, to neutralize the decrease m 
coronary bed resistance so that total peripheral resistance, and aortic pressure, 
will not change appreciably. 

Spontaneous coronary dilatation produced changes in pulmonary arterial 
and left and right venous pressures, which varied in different expenmente. 
In all instances these effects were, however, only indirectly dependent on the 
coronary flow increase, being directly determined by the compensatory adjust- 
ment of the artificial systemic resistance, when this was necessary, ® 

improvement in the state of the heart brought about by the improved blood 
supply, or, as will be discussed below, by simultaneous dilatation in the lung 

circuit. 
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The spontaneous change in coronary flow observed in these experiments 
could not be correlated with any change in arterial O 2 content. Apparently, 
whatever humoral change in the blood occurred, causing dilatation, was inde- 
pendent of O 2 content in the range found. Anoxemia of a degree sufficient to 
affect coronary flow was not encountered in these experiments. 

Spontaneous Changes in Heart Rate With and Without Temperature Alterations. 
Some of the changes in heart rate encountered in these experiments depended 
on the blood temperature changes. In most experiments the temperature was 
constant within i°C.; in one experiment it varied 2 or 3°C. The heart rate 
change with temperature averaged 10 beats/min. per degree (fig. 1). Aside 
from temperature variatioas, no great spontaneoas variation in heart rate was 
found; rarely, the variations amounted to 10 beats per minute. No correlation 
could be established between these minor changes in heart rate and right venous 
pressure level, confirming the impression previously gained that changes in right 
auricular pressure are without effect on the rate of the pacemaker in the de- 
nervated preparation. By inference, therefore, the changes in heart rate 
reported in the intact animal must be reflex in origin (cf. 4). 

Effect of Adjustments of Cardiac Output. The important influence cardiac 
output had on coronarj^ flow has already been discussed in detail (3). Deliberate 
changes in cardiac output (pulmonary flow) were accompanied by a like change 
in one or both venous pressures (figs. 8 and 9 of a previous report (3) and fig. 1 
of this report). In the heart-lung preparation the right venous pressure change 
was greater and more frequent than the left (cf. fig. 9 of a previous report (3)). 
The reason for this depends on the manner in which cardiac output was in- 
creased. In the heart-lung preparation this was done by increasing the total 
blood volume in the circuit. Just as further inflation of an already distended 
balloon would increase the pressure within by an amount depending upon the 
volume elasticity coefficient of the rubber, so would the increase in blood volume 
increase the pressure within the heart-lung circuit. The increase in pressure, 
assuming both ventricles to be able to cope adequately with the load, w^ould not 
be the same in all parts of the circuit but would depend upon the elasticity char- 
acteristics of the various parts. In our artificial circuit the rubber tubing 
forming the systemic circuit apparently w as more rigid than the vessels of the 
lung, for the right venous pressure rose more consistently and to a greater 
extent than left venous pressure. The fact that the pressure drop in the lung 
circuit (PP-LVP) did not increase in proportion to the increase of cardiac output, 
that is, that the resistance of the lung circuit decreased w ith increased cardiac 
output, is an anticipated consequence of the distention of these vessels by the 
addition of blood. 

The aortic pressure likewise tended to rise wdien the cardiac output was 
increased (and fall w^hen cardiac output fell (fig. 8 of a previous report (3))), 
but the artificial systemic resistance w^as often reduced to keep the aortic pressure 
constant (fig. 9 of a previous report (3)). In other instances where, without 
adjustment of the peripheral resistance, there was no noticeable rise in aortic 
pressure following increase in cardiac output (fig. 2 of this report and fig. 2 of a 
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subsequent report (3)) it was suggested (3) that in a distensible circuit the 
pressure tends to vary as some root (between the 1st and the 5th) of the 
output. Consequently, at high levels, aortic pressure would vary only shghtly 
with large changes of cardiac output. 

In the isolated heart preparation, the pulmonary as well as the systeimc circuit 
consisted of rubber tubing. The mechanism for increasing cardiac output in 
this preparation consisted in increasing the left venous pressure. The aortic 
pressure was usually held constant despite the cardiac output increase by 
decreasing the systemic resistance. Consequently the pressure drop across the 
systemic resistance could vary not at all or in either direction. It was found, 
however, that the right venous pressure usually, but not always, rose with 
jpcreapine cardiac output but to a lesser extent than did the left venovK pressure. 
Furthermore, any tendency for pulmonary arterial pressure to rise in this 
preparation was neutralized by decreasing the pulmonary resistance. 

Thus, it will be seen that while changes in cardiac output tend to produce like 
changes in the pressures of the preparations some of the latter changes a,re 
automatically minimized, and some are lessened by adjustment of the artificial 
'peripheral resistance in the systemic circuit (and in the artificial pulmonary 
circuit in the isolated heart). 

The Effect of Changes in the Artificial Peripheral Resistances. Changes m the 
artificial peripheral resistance of the systemic circuit were necessary to keep the 
total peripheral resistance constant and the aortic pressure level unaltered, when 
spontaneous coronary resistance changes occurred or when cardiac output had 
been changed deUberately. The effect of the procedure has b^n discussed 
earlier in this report and in a previous report (3). In several instances, the 
peripheral resistance of the systemic circuit (and of the pulmonary circuit) was 
deliberately changed in order to alter the work of the heart. The effect of 
^-hangin g systemic and pulmonary artificial resistances can best be analyzed 
when the cardiac output is kept unchanged.^ The effect of changes in the 
systemic peripheral resistance on the partition of the cardiac output between the 
coronary and other beds has been dealt with at some length (3) . It is important 
to re-emphasize that beyond a certain point, raising systemic peripheral resistance 
failed to raise aortic pressure, although it continued to divert more of the cardiac 
output into the coronary circuit. As we have shown (3) pressure in the vessels, 
the coronaries in the case at hand, varies as some root (between the first and the 
fifth) of the Volume flow. Obviously at high flow levels, the increment in 
pressure isnxtremely small for a given increase in flow. It was found that m such 
cases change in the pulmonary arterial and venous pressures was usually mimmal 
or absent (fip. 7 and 10 of a previous report (3)) . When the aortic pressure w^ 
raised, the rise was usuaUy transmitted backward and produced a like change in 


* Here we are not discussing immediate transitory changes in the pulmonapr flow 
measurement due to redistribution of blood between the parts of the circuit which occur 
when the systemic peripheral resistance is adjusted, and which disappear as soon as the 
redistribution is completed. This immediate effect was a decrease in the pulmonary flow 
measurement when the systemic peripheral resistance was manually increased (fig. 2 of a 
subsequent report (2)), and the reverse when this resistance was decreased. 
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Fig. 4. Chart showing pertinent data on a portion of an isolated heart experiment in 
which heart rate was artificially varied with a Lewis interrupter. Progressive heart failure 
is manifest toward the end by the higher level in right and left venous pressure when the 
heart rate is again slowed compared to the first period of slow heart action, although the 
pulmonary flow is at about the same level in both periods. During the period of rapid heart 
rate, cardiac output fell despite constant level of the reservoir from w'hich the left heart 
filled. The decline in aortic pressure was minimized by increasing the aortic peripheral 
resistance. This latter resulted in a sharp increase in coronary flow by diversion despite the 
fall in aortic pressure, and the aortic flow declined. The rise in venous pressures at the same 
time that cardiac output fell results from the sharp reduction in the period of filling of the 
ventricles as the heart is accelerated, and should be distinguished from the lack of fall in 
venous pressure later when the heart slows again which is due to progressive heart failure. 
The dotted lines in this and later figures are used to represent periods when no readings w^ere 
taken. In this and subsequent figures, Aor. is aortic, l^es. is resistance, Pulm. is pulmonary, 
Press, is pressure, L. and R. are left and right, Ven. is venous, Cor. is coronary. Discussed 
further in text of this and a previous (3) and subsequent report (2) . 

Fig. 5. Chart showing pertinent data on a portion of an isolated heart experiment in 
which the heart rate was artificially varied with a Lewis interrupter. Progressive heart 
failure is present as evidenced by comparing the two periods of slower heart rate which 
reveal a reduction in cardiac output (pulmonary flow) in the later period, although the level 
of the reservoir from which the left heart filled remained constant, and a marked rise in left 
and a slighter rise in right venous pressure. During the period of temporary induced 
cardiac acceleration, pulmonary flow fell sharply despite the constant pressure level of the 
inflow reservoir, at the same time the venous pressures rose sharply. These changes, 
indicative of the reduced time available for filling as the heart is accelerated, are to be dis- 
tinguished from those of progressive heart failure discussed above. Pulmonary arterial 
pressure was maintained constant by increasing the pulmonary peripheral resistance. A 
similar and more marked increase in aortic peripheral resistance failed to prevent a drop in 
aortic pressure. In this experiment, unlike the last (fig. 4), the drop in cardiac output 
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left venous pressure and in pulmonaiy arterial and nght venous pressure ( g. 9 
of a previous report (3)), although the changes in the latter were of much smaller 
degree and were often neutralized or reversed by other simultaneous changes 
(cf fig. 9 of a previous report (3)). The extent of elevation of left venous 
pressure and pulmonary arterial pressure caused by elevated aortic pressure 
appeared to depend on the power of the left heart and the extent of elevation of 
right venous pressure by elevated pulmonary arterial pressure apared to 
depend upon the power of the right heart. Occasionally, increasmg the systemic 
peripheral resistance led to a sustained decrease in cardiac output in the heart- 
lung although the blood volume had not been altered; apparently the heart was 
in these instances unable to raise its energy expenditure to overcome the increased 

resistance load. , x- « 

In the heart-lung preparation, especially when the aortic pressure was n 

affected, increasing the systemic peripheral resistance often caused a drop m 
the pressures beyond the artificial resistance, i.e., right venoi^ pressure and 
usually pulmonary arterial pressure (fig.' 9 of a previous report (3) “S- 

of a subsequent report (2)). Thus, a rise in peripheral resistance operated to 
raise the pressures upstream and lower those downstream much as a dain would. 
In distant parts of the closed heart-lung circuit these two oppositely directed 
effects tend to neutralize each other. Sometimes the backward directed effect 
dominates, at other times the forward directed effect dominate. 

When the pulmonary resistance of the isolated heart was altered deliberate y 
it caused a similar change in pulmonary arterial pressure (fig. 11 of a previous 
report (3) and fig. 5 of this report), whereas, as we have seen, due to the existence 
of the alternative coronary pathway with its variable resistance, a. change in 
aortic pressure is not always produced by changes in systemic resistance. A 
similar change in right venous pressure also occurred, the extent depending 
apparently on the power of the right heart. Moreover, changes in pulmonary 
reristance in the isolated heart usuaUy caused similar changes in the aortic 
nressure apparently secondary to the rise in right venous pressure. 

Adjustments in Heart Rate. The effect of heart rate changes on coronary 

dominated over the increase in aortic peripheral resistance , with the 

flow fell slightly, but not to the extent of the aortic flow or the carihac output. CF is coro 

nary flow, AF is aortic flow. Discussed further in text of this and a previous (3) and sub- 

*^*Fm.*6!*Chai't^8howing pertinent data on a portion of an isolated heart experiment in 
which the heart rate was artificially varied with a Lewis interruptor, P”"'' 

In this experiment spontaneous coronary dilatation accounts for the grea 

after the period of cardiac acceleration compared to that before this penod 

ment, like the last two, cardiac output (pulmonary flow) is an ipverse function of the heart 

rate even though the level of the filling reservoir is unchanged. Again these changes in 

cardiac output are due to alterations in the time for ventricular miing, ““f 

for the changes in the venous pressures. The coronary flow is little 

acceleration in that there is no apparent deviation of the nsing flow curve dependent on tb 
spontaneous coronary dilatation. Apparently Ihe 

peripheral resistance and decreased cardiac output neutralize each other. Discussed 
further in text of this and a previous report (3). 
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flow has already been discussed (3) and it was shown that the alterations in 
coronary flow were variable depending secondarily upon the changes in cardiac 
output and peripheral resistance adjustment following the heart rate alteration. 
The change in aortic pressure was also shown to be the resultant of these two 
factors. Examination of figures 4, 5 and 6 will show that, except as noted 
below, the changes in pulmonary arterial, left and right venous pressures are 
also readily attributable to the adjustments in cardiac output and peripheral 
resistances following upon the heart rate change, just as was the ca.se when 
cardiac output and peripheral resistance were changed without change in 
heart rate. 

It therefore is not nece.ssary to dwell on the secondary change in these variables 
but to consider what effect heart rate had on cardiac output. In the isolated 
heart experiments in which the.se studies were made, no attempt was made to 
keep cardiac output constant. Whenever heart rate sped up, cardiac output 
fell, apparently because the time for filling was so encroached upon that the 
resulting stroke output declined more than the heart i-ate increased (figs. 4, 5 
and 6). The decreased cardiac output tended to cause aortic and pulmonary 
arterial pressure to fall and left and light venous pre.ssure to rise, since the 
blood not pumped by the ventricles tended to accumulate on the venous side 
(fig. 5). Often aortic and pulmonary arterial pressure were restored to normal 
by increasing the artificial peripheral resistances so that only the left and right 
venous pressure rise remained (figs. 4 and 6). It will be seen that a decrease 
in cardiac output without a decrease in circulating blood volume leads to like 
changes in arterial and an opposite effect on venous pressure, whereas changes in 
cardiac output due to changes in blood volume led to like changes in the venous 
and arterial pressures. A decrease in cardiac output resulted not only when the 
heart rate was increased bej'ond the optimum, but too great a slowing of the 
heart rate also caused a fall in cardiac output and resultant changes in pressures 
because of the decreased rate ot filling in the later part of diastole. 

In evaluating the significance of venous and arterial pressures with marked 
changes in heart rate in the intact animal, this purely mechanical effect of lack 
of filling time as the heart accelerates or lack of sufficient increase in filling per 
beat as the heart rate becomes very slow must be recognized and distinguished 
from the effects of heart failure. 

Changes in Pulmonary Resistance. Pulmonary resistance in the isolated heart 
preparation was artificial and therefore subject to deliberate changes only. In 
the heart-lung preparation, three sets of circumstances were apt to change the 
resistance of the pulmonary circulation: a, spontaneous vasodilatation similar to 
that observed and described for the coronary vessels; b, resistance changes caused 
by changes in flow and pressures elsewhere in the circuit, and c, changes caused 
by pulmonary edema or engorgement. 

Spontaneous decreases in pulmonary vascular tone often appeared, evidenced 
by a drop in pulmonary arterial pressure with a simultaneous decrease in the 
drop from pulmonary arterial to left venous pressure {PP-LVP , fig. 3), and 
usually reflected in a fall in right venous pressure. This was commonljf asso- 
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dated with a simultaneous decrease in coronary drcuit r^istance (fig. 3) and is 
ascribed to the same hypothetical cause, the accmnulation of vasodilator sub- 
stances in the drculating blood. 

Changes in pulmonary resistance secondary to pulmonary flow have already 
been referred to in the course of the previous discussion and will be briefly 
recapitulated here. Thus, calculation of the change in pressure drop and com- 
parison with change in pulmonary flow shows, as expected, that when pulmonary 
flow increases the pressure drop does not tend to increase proportionally. It 
must therefore be concluded that the decreased resistance is brought about by 
passive dilatation of the pulmonary vessels when putoonary flow increases. 

Changes in pulmonary resistance, like changes in systemic resktance, have 
the effect of causing the pressures upstream to change in the same direction while 
the changes in pressure downstream go in the opposite direction. The distance 
over which these two opposite effects are transmitted is variable, and so the 
effect on the pressure at any distant point is variable. In the isolated heart 
only upstream pressure changes occur when the artificial pulmonary resistance 
is altered since the circuit between the pulmonary artery and pulmonary veins is 
open. In the intact circulation, the large capacity of the systemic circuit will 
tend to prevent these pressure effects from being transmitted beyond the pe- 
ripheral systemic vessels. , j • ii. 

Pulmonary edema preceding heart failure was only rarely observed m the 
heart-lung preparation after an initial j)eriod of trial and error during which 
careful methods of preparing the blood were worked out. In the series of 
experiments analyzed in this study, there was only one case of frank pulmonary 
edema preceding other symptoms of heart failure. Milder degrees of edema were 
occasionally encountered. It was our experience that it is more apt to occur 
with blood which shows a tendency to foam. 

When great care in the preparation of the blood was taken, the formation of 
emboli or thrombi was very rare. The occasional plugging up of minor pul- 
monary vessels was not followed by pulmonary edema. It was found that such 
plugging had no effect on the flows and pressures. This is to be expected in 
view of the numerous parallel “pathways” through the lungs. When one is 
occluded, its blood is diverted to the others. Even plugging larpr pathways 
need not lead to an increase in pulmonary resistance. In an earlier report (3) 
it was shown that increases in extracoronary resistance tend to decrease, by 
passive dilatatibn, the resistance in the coronary path, often leaving the total 
resistance unchanged. Similarly, total pulmonary resistance may remain 
unaltered even if some of the pathways are no longer open. 

In the few cases in which pulmonary edema was observed, it was found that 
in order to maintain the cardiac output and aortic pressure constant, blood had 
to be added and the artificial systemic peripheral resistance had to be increased. 
Eventually these measures failed to maintain the cardiac output and the aortic 
pressure. During the period when cardiac output and aortic pressure could be 
maintained constant, the most striking consequence of pulmonary edema was a 
rise in the pulmonary arterial pressure. The pressure drop between pulmonary 
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arterial and venous pressures increased as would be expected when the resistance 
between these two points increases. On the other hand the rise in pulmonary 
arterial pressure led, after a lag, to a rise in right venous pressure, because the 
increased pulmonary resistance imposed an increased load on the right ventricle. 
When cardiac output and aortic pressure could no longer be maintained the 
pressures and flows elsewhere were influenced by the latter changes. 

SUMMARY 

In order to determine how many of the changes occurring in the course of 
heart failure are attributable directly to the loss of power of the heart, and how 
many represent spontaneous change or those induced by manipulation, the con- 
stancy and interrelation of the various pressures and flows in the period of little 
or no failure in 13 isolated hearts and 25 heart-lung preparations are considered. 

Improvement of the heart was frequently seen and manifested by a fall in 
venous pressure with constant cardiac output and work, or by an increase in 
cardiac output without rise in venous pressure. Improvement of the heart 
occurred early and apparently represented recovery from the initial manipula- 
tions in setting up the preparation; it also occurred later and in these cases, as 
in others, a common factor apparently was improvement in coronary flow. 

In the course of a number of experiments, a spontaneous decrease in coronary 
resistance led to increase in coronary flow, and since the total peripheral resistance 
tended to decline, aortic pressure tended to fall Usually peripheral resistance 
was adjusted to keep up aortic pressure. In a number of experiments the aortic 
pressure did not fall even though the systemic peripheral resistance was not 
adjusted. The probable explanation for this is discussed. The effects of 
spontaneous coronary dilatation upon the pulmonary arterial and the venous 
pressures varied and were actually determined by coincidental adjustments or 
changes. The spontaneous changes in coronary flow could not be correlated 
with variations in arterial oxygen content; apparently anoxemia of a degree 
sufficient to affect coronary flow was not encountered in these experiments. 

Almost all the spontaneous changes in heart rate were related to temperature 
change and averaged about 10 beats per minute per degree centigrade. No 
correlation between heart rate and right venous pressure levels could be estab- 
lished. 

Deliberate changes in cardiac output were accompanied by a like change 
in one or both venous pressures. In the heart-lung preparation the right venous 
pressure change was greater and more frequent than left. In the isolated 
heart preparation the left venous pressure rise was more frequent and greater 
than the right. Aortic pressure tended to rise but not in all cases. The cause 
for these changes is discussed. 

When changes in the artificial systemic resistance did not change the aortic 
pressure, change in the other pressures was usually minimal or absent. When 
the aortic pressure was elevated by this procedure left venous pressure usually 
rose. A rise was seen less frequently and to a lesser extent in the pulmonary 
arterial and right venous pressures. Contrary effects of the increase in peripheral 
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resistance operating downstream sometimes neutralized or reversed the pressure 
changes on the right side of the heart. Increase in artificial aortic resistance 
operated to raise the pressures upstream and lower them downstream. 

Alteration in the pulmonary resistance in the isolated heart preparation 
caused changes in the same direction in pulmonary arterial pressure, right venous 
pressure and usually aortic pressure. 

Apart from the effect of secondary adjustments when the heart rate was 
changed, increase or decrease in heart rate beyond the optimum for adequate 
filling decreased the cardiac output. Arterial pressures tended to fall and 
venous pressure to rise and the rise in venous pressures was accentuated by 
adjustments in peripheral resistances to maintain the arterial pressures. 

The development of pulmonary edema, but not the plugging up of minor 
vessels by thrombi (both rare phenomena), increased the pulmonary resistance, 
increased the pulmonary arterial to venous pressure drop, and led to an increase 
in right venous pressure. 

Spontaneous' decreases in pulmonary resistance in the heart-lung, usually 
associated with simultaneous decrease in coronary resistance, decreased the 
pressure drop from pulmonary artery to vein and were usually reflected also 
in a fall in right venous pressure. Increase in the pulmonary flow by distending 
the lung blood vessels in the heart-lung tended to lessen the expected increase 
in the pressure drop between the pulmonary artery and veins. 

We are indebted to the members of the department for assistance in the per- 
formance of these experiments and to Mrs. B. Lendram and Mrs. J. Meyer for 
suggestions in preparing this report. 
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Spontaneous heart failure has been studied by several investigators (1-9) and 
in this laboratory (10, 11, 12) using the isolated heart and heart-lung preparations 
in which failure develops at vaiying periods following removal of the heart from 
the body. Barring the occurrence of accidents or ventricular fibrillation, the 
development of progressive heart failure terminates such experiments. The 
time of its occurrence and the rate of its development in the isolated heart and 
heart-lung preparations which we have employed have been discussed and 
compared in the two preparations (13). As was stated, the causes for the 
development of failure are a matter of speculation. It was found (13) that in 
the heart-lung preparation failure develops later than in the isolated heart 
preparation, and that in preparations with heparinized blood failure develops 
later than in preparations with defibrinated blood. Some alteration in the 
circulating blood, prevented or cancelled by other body organs in the intact 
animals, is held responsible for the development of failure. As evidence for this, 
it is worthy of note that in some instances we have found hearts in severe failure 
to show temporary improvement when the blood was drained from the system 
and replaced by unused blood. The suggestion has been made that in some 
cases coronary insufficiency due to small coronary vessel thrombi is responsible 
(14) but this was not apparent in any of our preparations. Coronaiy flow was 
found to remain constant or to increase during heart failure; when a decrease was 
observed it could be accounted for on the basis of factors which have been 
demonstrated to cause coronary flow to decrease in the non-failing heart. 

Spontaneous heart failure in the isolated heart or heart-lung preparation 
need not be related to heart failure occurring in the intact animal or man. 
Nevertheless, certain information can be obtained from these preparations which 
helps to clarify some of the changes occurring in clinical heart failure. More 
important, it is necessaiy to evaluate the dynamic changes which occur in 
spontaneous heart failure in these preparations in order to separate those changes 
which can be ascribed directly to heart failure from those which are independent 
or secondary and not peculiar to heart failure, that is, from changes observed 
following spontaneous or induced alteration of factors controlling the cardio- 
dynamics in the non-failing heart. The latter have been discussed in previous 
communications (15, 16). 
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Fig. 1 Fig. 2 Fig. 4 ® . 

Fig. 1. Chart showing pertinent data on an isolated heart preparation in which slight 
left and severe right “congestive” failure and severe “forward” failure developed and 
eventually terminated the experiment. No attempt was made to keep work constant in 
this experiment. The blood reservoir pressure level and the arterial artificial resistances 
(not shown) were constant, not being adjusted during the entire experiment. At 20 minutes 
“forward” failure began, evidenced by decreasing pulmonary flow which continued to fall 
at an accelerating rate. Except for minor changes, aortic pressure did not begin to decrease 
until 87 minutes, but then fell at an increasing rate, eventually precipitously. Pulmonary 
arterial pressure, already low, fell only terminally. Right “congestive” failure began at 
24 minutes, evidenced by a rising right venous pressure; the rise progressively increased in 
rate and was eventually very rapid . Left venous pressure was surprisingly constant . Aortic 


flow fell with pulmonary flow. Coronary flow rose early due to a spontaneous coronary 
dilatation but levelled off and eventually decreased as pulmonary flow decreased. Work 
paralleled pulmonary flow until the decrease in aortic pressure became significant. “Cor- 
rected work” was less than work by a percentage difference which increased as the venous 
pressures rose with “congestive” failure. However, the decrease in pulmonary flow, with 
“forward” failure, reduced the absolute difference between work and “corrected work.” 
In this and subsequent figures KgM. is kilogram-meters. Discussed further in text of this 


and previous reports (15 and 16). 

Fig. 2. Chart showing pertinent data on a heart-lung preparation which developed severe 
left and right “cqngestive” failure. Work was kept as constant as possible by maintaining 
pulmonary flow and aortic pressure level by adjustment of blood volume and peripheral 
resistance where necessary; control of pulmonary flow, however, was rough. During the 
early portion of the experiment both venous pressures declined with improvement of the 
heart; at 42 rninutM they began to rise, with the onset of left and right “congestive” failure, 
and the rise rapidly became steep. Marked spontaneous coronary dilatation occurred 
throughoutthe experiment, and at two points peripheral resistance was increased to prevent 
aortic preWure from falling , each increase further increased the coronary flow and decreased 
the aortic flow; the first increase also caused right venous pressure, pulmonary arterial pres- 
sure and left venous pressure to fall. Pulmonary pressure eventually rose, secondary to the 
rise in left venous pressure. Work paralleled pulmonary flow but as the venous pressures 
rose the difference between “corrected work” and work as ordinarily calculated increased. 
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The methods of establishing the preparations, the methods of making the 
measurements and the adjustments employed have been described (13). 

Criteria of progressive heart failure. In reviewing the instances of progressive 
heart failure in the isolated heart and heart-lung preparations, we have come 
to the following conclusions concerning the criteria of progressive heart failure: 

a. In those experiments in which the calculated work of the heart was main- 
tained constant by maintaining the cardiac output and the arterial pressures 
constant, progressive failure was manifested by an accelerated rise in left or 
right venous pressure (figs. 2, 3 and 4 of this report and fig. 3 of a previous 
report (12)); toward the end, in addition, a drop in cardiac output and/or 
aortic pressure could not be prevented in some. 

h. In those experiments in which the work was not kept constant, progressive 
failure was often manifested by an accelerating decline in cardiac output and/ or 
aortic and pulmonary arterial pressures (fig. 1), and the decline of the latter 

This introduces an element of “forward” failure, obscured by the irregularity of pulmonary 
flow. The fluctuations in pulmonary flow are reflected for the most part by like changes in 
aortic and coronary flow, and in pulmonary arterial pressure and venous pressures. AF is 
aortic flow; CF, coronary flow. Discussed further in text of this and previous reports 
(15 and 16). 

Fig. 3. Chart showing pertinent data on a heart-lung preparation which developed severe 
left and right “congestive” failure and eventually “forward” failure. Work was controlled 
in the same manner as in the experiment illustrated in figure 2. Terminally, in spite of in- 
crease in blood volume, it was impossible to maintain pulmonary flow, which began to de- 
cline evidencing “forward” failure. Left “congestive” failure, with left venous pressure 
rising at an accelerating rate, began at 54 minutes; right “congestive” failure began at about 
116 minutes; the right venous pressure curve was eventually flattened out by “forward” 
failure. Changes in pulmonary flow were mirrored by similar changes in coronary flow; 
in addition, spontaneous coronary dilatation is also evident in the rising slope of coronary 
flow in the first half of the experiment; this rise was accentuated by increases in peripheral 
resistance necessary to keep aortic pressure from falling as coronary resistance decreased. 
Aortic pressure was kept level; pulmonary arterial pressure eventually increased as left 
venous pressure rose. Work paralleled pulmonary flow, but “corrected work” distinctly 
decreased as the venous pressures rose. The fluctuations in pulmonary flow are reflected 
for the most part by like changes in aortic and coronary flow but the venous pressures show 
similar fluctuations only infrequently. Discussed further in text of this and a previous 
report (16). 

Fig. 4. Chart showing pertinent data on a heart-lung preparation which developed 
moderately severe left and severe right “congestive” failure. Work was controlled as in 
the other heart-lung experiments illustrated, but control of pulmonary flow was imperfect, 
with an increasing trend during most of the experiment. The initial rising trend in venous 
pressures was due to a pulmonary flow rise; rise in left venous pressure due to “congestive 
failure began at 53 minutes and that in right venous pressure at about 23 minutes. Aortic 
pressure was fluctuant but level. Pulmonary arterial pressure rose with rise of left venous 
pressure, but the rise was so marked as to indicate increasing pulmonary resistance due to 
pulmonary congestion and/or edema. Coronary flow paralleled pulmonary flow; the 
changes in peripheral resistance were not marked enough to discernibly affect coronary 
flow. Work paralleled pulmonary flow, but when the venous pressure rose “corrected work” 
diverged from work as ordinarily calculated. Most of the fluctuations of pulmonary flow 
are reflected by similar changes in aortic and coronary flow, and in arterial and venous 
pressure. Discussed further in text of this and previous reports (15 and 16). 
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could not even be prevented by increasing the artificial peripheral resistance 
in the systemic (and pulmonary) circuit (fig. 2 of a previous report (10)). 

Since venous pressure remained constant when the heart was in a steady 
state as long as the arterial pressures, peripheral resistances and cardiac output 
were kept constant (fig. 1 of a previous report (16)), a significant rise of 
venous pressure under such conditions was interpreted as indicating a loss of 
power of the heart, that is, as indicating that the heart had to be distended 
more to maintain the same output and work level. The cardiac output was 
maintained in the isolated heart by raising the pressure level of the reservoir 
feeding the left auricle, and in the heart-lung by increasing the circulating blood 
volume. Both procedures ensured higher venous pressure levels. 

In our studies, determination of cardiac output (and incidentally of car^ac 
work) is based on measurements of pulmonary flow. It must be emphasized 
again that the pulmonary flow is a reliable measurement of cardiac output while 
the aortic flow below the mouths of the coronary vessels is not. The latter 
is influenced by changes in coronary flow, and in these experiments, spontaneous 
coronary dilatation of a degree sufficient to increase coronary flow and to decrease 
aortic flow was frequently observed (15). The employment of aortic flow as an 
index of cardiac output is, therefore, not justified in such preparations, and its 
use by some for this purpose would require reexamination of results so derived. 

In the heart-lung preparation the attempt was always made to keep the 
cardiac output constant by the addition of blood to the system whenever cardmc 
output declined. This was done because in the closed-circuit preparation 
employed one cannot be sure of a constant rate of return to the heart even when 
the circulating blood volume is left unchanged. Moisture may be lost in the 
lungs and minute hemorrhages may occur; the dilatation of the heart in failure 
may increase the capacity of the circuit, as would spontaneous dilatation of the 
coronary and pulmonary vascular beds occurring at this time. Thus, the 
assumption that any decrease in cardiac output indicates failing power of the 
heart is unjustified. Only the terminal stages of failure in the heart-lung when 
it was no longer possible to maintain cardiac output by the addition of blood 
can be used to study the events following decline of cardiac output due to heart 
failure. With a constant pressure reservoir, as used in the isolated heart, these 
errors are absent; a decrease in cardiac output in this preparation may be taken 
to be a sign of loss of power of the heart. 

The venous pressures as measured are an indication of the respective auricular 
pressures, which in turn are an index of the initial pressures in the respective 
ventricles just before the beginning of systole. However, in the failing heart the 
right and left venous pressures are not entirely satisfactory’ indices of the degree 
of distention of the ventricles because as failure develops the tonus of the ven- 
tricles declines (18, 19). The degree of dilatation thus may be higher than is 
indicated by the venous pressures, and it is possible that in some cases the venous 
pressure rise may he minimal for a time because of the tonus chanp. As a 
ventricle distends, its output should increase in accordance with Starling’s law, 
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hence failure of this to occur suggests the development of loss of ventricular 
power. The corollary also follows that when the output of the heart is main- 
tained constant and the venous pressure rises, this too is an indication of loss of 
power of the heart, since to maintain the output at its set level the heart has 
to be distended. 

When venous pressures rise, we are dealing with “congestive’’ heart failure 
(figs. 2, 3, 4 of this report, fig. 3 of a previous report (12), figs. 1 and 4 of another 
(16) and figs. 7 and 11 of a third (15)); when the cardiac output declines and 
the arterial pressures fall we are dealing with “forward” failure, and when both 
occur we are dealing with “mixed” failure (fig. 1 of this report, fig. 2 of a previous 
report (10), fig. 11 of another report (15) and fig. 5 of a third (16)). Heart 
failure, therefore, may be “congestive,” “forward” or “mixed,” and it may be 
mainly right (figs. 3 and 4) or mainly left (fig. 2 of a previous report (10)). As it 
progresses heart failure usually ends as a “mixed” form whether it begins as 
“congestive” or “forward” failure. In addition, the heart failure ma}^ shift 
from a dominant right to a dominant left or vice versa. Criteria to judge the 
degree of congestive failure developed are rough, permitting classification of the 
failure as slight, moderate or severe, as judged by the slope of the venous pres- 
sure curve at the time when the greatest severity of failure was present. 

In applying these definitions to our preparations, it must be remembered 
that heart failure was not usually allowed to take a spontaneous course. When- 
ever the attempt was made to keep the work level constant, as in all the heart- 
lung and in the later isolated heart experiments, incipient or actual “forward” 
failure was converted to “congestive” failure. This was done by compensatory 
adjustments of peripheral resistance and of blood volume or pressure level just 
beyond the reservoir, such as to keep arterial pressures and cardiac output as 
constant as possible. Only when these adjustments failed, in the terminal 
phase of such experiments, was forward failure manifested. 

On the other hand, in the early isolated heart experiments adjustments to 
keep work constant were not made. In these experiments, with the pressure 
level from the reservoir kept constant, “forward” failure could readily occur; 
actually, as will be discussed later, all such experiments showed “forward” 
failure. 

Failure in isolated heart preparation. Progressive heart failure was observed 
in 22 preparations. In 13 early experiments, comprising group I, the pressure 
level from the reservoir was kept constant and the work of the heart allowed to 
change spontaneously; in 8 of these the peripheral resistances were adjusted to 
keep the arterial pressures as constant as possible. In a second group, group II, 
coipprising 9 later experiments, work was kept as constant as possible. Two 
additional facts concerning these experiments must be appreciated: 1, in 13 
preparations, heart failure was not permitted to continue uninterrupted; 
interruption occurred by accident or by the introduction of a drug; 2, in 7 experi- 
ments failure of a combined type was present at the time readings were begun 
so that it was not possible to determine which form was initially present. The 
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following is a breakdown of the forms of heart failure seen: 


Total 

a. Right ‘‘congestive*’ failure. J 

b. Left “congestive” failure 

c. Combined left and right “congestive” failure. » 

1. of which the congestion was dominant in the right 1 

2. of equal degree in the two sides 

d. “Mixed” form of heart failure 

1. consisting of left “congestive” and “forward” failure . . ... . . 4 

2. consisting of combined left and right “congestive” and for- 

ward” failure ‘ A 7 

I. of which the congestion was dominant in the left 7 

II. of equal degree in the 2 sides ^ 


Group Group 

/ n 

0 1 

0 1 

0 6 

0 1 

0 5 

13 1 

4 0 

9 1 

6 1 

3 0 


In these experiments, left “congestive” failure occurred m all but one instance, 
right “congestive” failure was absent in 5 cases, and “forward failure was 
absent in 8 cases; the absence of “forward” failure was noted only m ^oup II. 
In 7 preparations progressive failure was present from the onset, m the other 
15 it developed in the course of the experiment. 

The onset of failure began as: 

Total I II 


( 2 *) 


Left “congestive” failure in ^ 

Right “congestive” failure in 2 

“Forward” failure in o ci*-. 

Left and right “congestive” failure in. » 

Left “congestive” and “forward” failure in o 

Combination of all three forms in 3 (1 ) 

* Figures in ( ) refer to number of experiments in which failure was present when rea 

ings were begun. 


1 

0 

0 

4 (2*) 
4 (2*) 
3 (1*) 


It is interesting to note that the experiments showing “forward fadu^e in 
combination with “congestive” failure were shorter in duration than those 
showing “congestive” failure alone. The development of “forward failure 
seems to set up a vicious mechanism, presumably through its effects on coronary 

flow, which hastens termination of the experiment. . ,, , 

Variatims of the indwiduai freimres and flows during progression of heaH 
failure in the isolated heart, a. Arterial pressures. Aortic pressure fell m 
half the cases' with “forward” failure (fig. 1). Of the 7 cases in which aortic 
pressure did not fall with “forward” failure (fig. 5 of a previous report (16)), 6 were 
not permitted to continue imtil failure had fully developed. In the 7 cas^ m 
which aortic pre8sui?e fell, it tended to remain constant for a time after cardiac 
output had begun tb decUne (fig. 1 of this report and fig. 2 of a previous report 
(10)) . Pulmonary flow fell without an aortic pressure drop, or before it dropeci 
in 11 out of iA cases. This occurred (fig. 1) even when the systemic peripheral 
resistance w^ not increased or not increased until later. 

The reason for the constancy or delayed fall of aortic pressure is probably, as 
pointed out in a previous report (15), that there exists a critical level of cardiac 
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output and arterial pressure, at which changes in the cardiac output cause no 
measurable alteration in aortic pressure (and pulmonary arterial pressure). In 
the early stages of ‘‘forward’’ failure, therefore, declines in cardiac output may be 
unaccompanied by measurable alterations in aortic (and pulmonary arterial) 
pressure until the output drops below this critical level. This mechanism for 
maintaining aortic pressure may apply to the coronary flow as well as to the 
aortic-vena cava flow. Reduction of flow may bring about a reduction in 
diameter and consequently a considerable increase in resistance. 

Increase of artificial resistance is effective in maintaining aortic pressure when 
it begins to fall, but as “forward” failure becomes more severe, it will fall at an 
accelerated rate in spite of all attempts to maintain it, since by this time a point 
in the cardiac output/arterial pressure curve is reached at which small changes 
in cardiac output produce large changes in arterial pressure. 

These facts are of considerable implication for the intact circulation in that 
they point to the observation that a drop in arterial pressure is a sign of advanced 
rather than early “forward” failure. In short, “forward” failure can occur 
without a drop in arterial pressure not only because of neurogenic and other 
homeostatic mechanisms but probably also because of 1, a purely mechanical 
set of readjustments accompanying a decrease in cardiac output, and 2, the 
peculiar relationship that cardiac output has to aortic pressure such that 
above a critical level alterations in cardiac output cause no measurable variations 
in aortic pressure. Reliance on arterial pressure alone to judge “forward” 
failure is thus not as valuable as reliance on cardiac output measurements. The 
clinical implications are evident. 

In “forward” failure, pulmonary arterial pressure behaved very much like 
aortic pressure (fig. 2 of another report (10)) presumably for the same reason 
(i.e., because of the cardiac output/arterial pressure relationship). The declines 
of aortic and pulmonary arterial pressure were often not simultaneous or parallel 
in degree. In “congestive” failure without “forward” failure pulmonary arterial 
pressure remained constant (fig. 11 of a previous report (15) and fig. 4 of another 
report (16)). Left “congestive” failure did not lead to an elevation in pulmonary 
arterial pressure since the pulmonary arteries were separated from the left heart 
by the inflow reservoir. The changes in pulmonary arterial and aortic pressure, 
therefore, are not peculiar to heart failure since they are seen also in decreases in 
cardiac output in non-failing hearts. 

b. Venous pressures. In the typical case of right “congestive” failure, right 
venous pressure rose at an accelerating rate (fig. 1). However, when “forward” 
failure also developed, the latter prevented the acceleration of the rise of right 
venous pressure. In a few cases with “forward” failure, right venous pressure 
remained constant or actually fell when pulmonary arterial pressure fell markedly. 

These changes in right venous pressure are not difficult to explain. Right 
venous pressure in the non-failing heart is a function of cardiac output and 
pulmonary arterial pressure, the two factors determining the work load of the 
right heart. Right venous pressure tends to fall when cardiac output declines 
and also when pulmonary arterial pressure falls. The effect of cardiac output 
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on right venous pressure is the more striking and constant of the *^0- 
when cardiac output is plotted against right venous pressure dunng the couree 
of an experiment, reasonably good correlation is shown. If this curve is co 
structed for the case where the right heart is fading it will 
of the non-failing heart, in that at a given cardiac output the right venous 
pressure will tend to be higher, and at a given right venous pressure the cardiac 
output will tend to be lower. The change of right venous pressure when heart 
failure occurs will therefore depend upon the degree of loss of cardiac power as 
well as upon the presence and degree of any change in carihac output. 

The linear relationship between cardiac output and nght venous pressure in 
the non-failing heart is due to the fact that, under constant con^tionsespeci^ly 
of heart rate, right venous pressure determines cardiac diastolic size and ere ore 
cardiac output. When the heart fails the cardiac tonus may decline (18, 19) 
so that for a given cardiac output the right venous pressure would be lower. 
The more distensible heart which the loss of tonus produces can accommodate 
the blood not expelled when its output declines (because of loss of power) with a 

smaller rise of ri^ht venous pressure than and of 

Right venous pressure is a simultaneous index of the load of the heart and of 
its power. A decline in power and an increase in load both cause it to nse, 
and the reverse will cause it to fall. Hence in, judging whether a right venous 
pressure rise is an indication of right heart failure, the effect of any change in 
load as judged by cardiac output and pulmonaiy arterial pressure must first be 
discounted The influence of loss of tonus of the ventncle as it fails also must 
be taken into account, but is probably not a major factor. 

In the typical case of left “congestive” failure, left venous pressure rose 
at an accelerating rate. Stabilization of the veno^ pressure upon the ^ of 
“forward” failure occurs for left venous pressure (fig. 1) as it does for nght, and 

for the same reasons. . 

One further factor complicates the left venous pressure changes m ou^olated 

heart preparation, and that is the presence of the reservoir ^h the fillmg 
of the left heart may be controlled. In tho^ experiments in wkch the pressure 
level just beyond the reservoir was not altered, and m which this pressure leve 
was close to the head of pressure in the reservoir, any tendency tor left venous 
pressure to rise as heart failure developed would be prevented The Pressures 
L the veins ol?viou8ly could approach but not exceed that mtlun the reservmr 
The presence of the fixed reservoir in the experiments in which no adjustments 

were made thus acted to buffer the left venous pressure chanps. 

This limiting of left venous pressure elevation obviously is the reason tor tne 
development of “forward” failure in the early isolated heart preparation m 
which no adjustments of the pressure level from the reservoir were made. 

Another factor which may contribute to the rise in venous pressur^ in the 
terminal stages of heart failure is the development of a relative mitral and/or 

tricuspid regurgitation when the heart is markedlydistended,permittmgbackward 

transmission of the higher ventricular pressure. a „„„ 

c. Pvlmonary, aortic and coronary flows. When pulmonary flow w 
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ficially maintained constant during the course of heart failure the distribution 
of cardiac output between coronary flow and aortic flow was not altered in any 
way peculiar to heart failure. Thus, spontaneous coronary dilatation occurred 
during the development of heart failure as well as in its absence. In only one 
case was there a '‘spontaneous’' decrease in coronary flow, possibly due to coro- 
nary thrombosis ; the decrease began before failure developed and continued into 
the failure period. Otherwise, no change in coronary or aortic flow occurred in 
the absence of "forward” failure except when the systemic peripheral resistance was 
readjusted and here the changes were exactly like those in the non-failing heart. 

In the presence of "forward” failure, coronary flow decreased as cardiac 
output fell (fig. 1), as might have been expected from the relationship shown to 
exist between cardiac output and coronary flow in the non-failing heart. In 
some instances of early or slight "forward” failure, coronary flow decreases were 
small or absent (fig. 1), in a few coronary flow increased despite the fall in cardiac 
output. These deviations from the expected relationship could be accounted 
for by the presence of spontaneous coronary dilatation which had been noticed 
before progressive heart failure had appeared (fig. 1) or by the increase of the 
systemic resistance which was made in an endeavor to keep aortic pressure 
constant. Both events would be expected to divert more of the cardiac output 
into the coronary bed. Another possible factor to be considered is that of an 
increase in the artificial systemic resistance, without measurable alteration of 
the pressure reading of the chamber surrounding the resistance tube, as the 
cardiac output fell. The reasons for this have been discussed previously (16). 
When spontaneous coronary dilatation continued in the presence of "forward” 
failure, the rate at which coronary flow rose lessened. When cardiac output 
markedly declined, eventually coronary flow no longer increased, or began to 
decrease. 

Thus, all the changes in coronary flow seen during heart failure are attributable 
to the factors found to operate in non-failing hearts, viz., spontaneous coronary 
dilatation, changes in cardiac output and changes in the peripheral systemic 
resistance. 

d. Work of the heart. Work, calculated as cardiac output multiplied by the 
sum of aortic and pulmonary arterial pressures, was found to vary with cardiac 
output, both in "congestive” heart failure and in "forward” failure. This is 
obviously due to the relatively stable level at which the arterial pressures stayed 
or were maintained. Only towards the end of "forward” failure was the work 
decreased out of proportion to the decline in cardiac output because at this time 
there was a decline in arterial pressures (fig. 1). 

In calculating work of the heart in heart failure, one point deserves stress. 
Actually the work of the heart should not be measured by the level of the arterial 
pressures above atmospheric, but rather by the level above the pressures existing 
in the blood entering the respective ventricles. Ordinarily the changes in the 
venous pressures are so small as to introduce no serious error in the customaiy 
manner of calculating work. However, when failure occurs, these venous 
pressures rise considerably, and then the true work of the heart is to a varying 
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degree smaUer than calculated (fig. 1). Thus, the work of the heart actually 
decreased in “combined” failure more and earlier than our calculations show, 
and, in “congestive” failure, as the venous pressure rose precipitously the actual 
work declined sharply even with a constant cardiac output. Thus, even in 
“congestive” failure, this decline in cardiac work introduces an element of 
“forward” failure even though arterial pressure and cardiac output be unchanged. 

Failure in heart-lung preparation. Progressive heart failure was observed 
in 16 preparations*. The following is a breakdown of the forms of heart failure 


seen: 

a. 

b. 

c. 


d. 


2 

Right ^‘congestive” failure ^ 

“Forward” failure ^ 

Combined left and right “congestive” failure. 

1, of which the congestion was dominant in the right 

2, of equal degree in the two sides * 

“Mixed” form of heart failure 

1, consisting of right “congestive” and “forward” failure . . ...... 

2, consisting of combined right and left “congestive” and “forward failure (m 

all the congestive failure was of equal degree in the two sides) 


In these experiments, left “congestive” failure occurred in all but four in- 
stances, right “congestive” failure was absent in only one case. In only one 
instance was progressive heart failure present from the start, in the other 15 it 
developed in the course of the experiment. 

In these 16 experiments the onset of failure began as. 


a. Left “congestive” failure in 

b. Right “congestive” failure in 

c. “Forward” failure in . 

d. Left and right “congestive” failure in 

e. Combination of all three forms in. . . . 


Compared to the isolated heart, right “congestive” failure was more frequent 
at the start, and left “congestive” failure rarer in the heart-lung. As m the 
isolated heart, the duration of failure was shorter in those heart-lung prepara- 
tions in which “forward” failure occurred in combination with “congestive 

failure than when the latter occurred alone. . i. , 

Variations of the individual pressures and flows during progression of heart 
faUure in the h^rt-lung. The accelerating rise in venous pressures in “con- 
gestive” heart failure (figs. 3 and 4), the tendency for “forward fmlure to 
stabilize the venous pressures (fig. 3) and the drop in right and/or left 
pressure when the aortic and/or pulmonary arterial pressure fell markedly, 
were also seen in the heart-lung preparation. However, left venous pressure 
rises were less frequent and less marked than the rise in nght venous pressure 

in the heart-lung. , . j- ...... 

There is no particiAir difference in the alterations observed in cardiac output, 
cardiac work, coronary and aortic flow between the isolated heart and heart- 


1 In 6 experiments the failure did not continue to completion because of accident, the 
introduction of a drug, etc.; in 4 of these, however, failure was severe when this happened. 
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lung preparations in the various types of heart failure, as figures 2, 3 and 4 will 
show. 

The changes in aortic pressure in the heart-lung in the various forms of heart 
failure were similar to those in the isolated heart discussed earlier (see figs. 2, 3, 4). 
In ''forward’' failure, except in one instance, the fall in aortic pressure showed the 
same lag behind the fall in cardiac output as in the isolated heart; there was a 
delayed fall in two and no fall in two out of five instances of "forward” failure. 
In one instance aortic pressure began to fall before cardiac output declined, 
presumably due to coronary dilatation. This last occurred in the experiment in 
which progressive failure was present from the start. 

The changes in pulmonary pressure, in contrast to the isolated heart, depended 
in part on the changes of left venous pressure and of the resistance of the lung 
vessels, whereas in the isolated heart the artificial separation of the pulmonary 
artery and the pulmonary veins made by means of the insertion of an open inflow 
reservoir connected to the left auricle prevents such dependence. Consequently, 
in the presence of "congestive” failure, pulmonary arterial pressure rose as left 
venous pressure rose (figs. 2, 3, 4 of this report and fig. 3 of a previous report (12)). 
Sometimes pulmonary arterial pressures rose more or began to rise earlier (fig. 4), 
or rose when left venous pressure did not; these findings indicate that the pul- 
monary vascular resistance had increased because of congestion and sometimes 
possibly because of pulmonary edema. The increased pulmonary vascular 
resistance in the presence of marked left congestive failure explains the stability 
of pulmonary arterial pressure in cases when "forward” failure complicated 
congestive failure. It also accounts for the relatively less marked changes in 
left venous pressure compared to the right venous pressure changes. 

Thus, the changes in pulmonary arterial pressure in the heart-lung preparation 
are no different from those seen in the non-failing heart. The occurrence of 
pulmonary alveolar wall edema, increasing the pulmonary vascular resistance is 
however almost pathognomonic of heart failure. In this respect, the heart-lung 
preparation is more informative than the isolated heart of the changes in con- 
gestive heart failure in the intact circulation. In man, the accentuated pulmonic 
second heart sound, often heard in heart failure is evidence that pulmonary 
arterial hypertension does occur clinically, since it has been shown that the 
intensity of the second sound is a function of the height of the arterial pressure 
beyond the semilunar valves, here the pulmonary artery, at the time when these 
valves close (17). The causes of the pulmonary arterial hypertension probably 
include those described in the heart-lung preparation. 

Effect of increase in load on the heart on the degree of heart failure. On 
several occasions, increasing the cardiac output or the resistances in the systemic 
and/or pulmonary circuits brought about or accentuated heart failure which 
sometimes disappeared or decreased when the load was again reduced. Ihere 
occurred an unexpectedly great elevation of the venous pressure (s) beyond 
that seen in non-failing hearts on similar increase of load. Similarly, increasing 
the volume of blood in circulation when the heart was in severe failure sometimes 
increased the venous pressure (s) without increasing cardiac output, and this 
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change could often be reversed by withdrawing blo(^. These observatioM have 
several important implications: 1, they show that in a heart capable of dealmg 
with a small load without development of failure, failure may be precipitated 
by an increased load; 2, they suggest that the failing heart shows greater egr^s 
of congestion (and distention) when its load is increased than the non^ailing 
heart, thus lending direct support for the view that reduction of load has an 
immediate effect in alleviating heart failure and conversely, that increasmg the 
load on the failing heart actually aggravates the degree of failure and presumably 
accelerates its downhill course. 

SUMMARY 

In tlie special heart preparations discussed in previous communications, 
cardiac failure was studied in 22 isolated heart and 10 heart-lung exponents. 
The reasons for development of failure when the heart is removed from the body 
are unknown; failure eventually terminates the experiment. "Ihe manifesta 
tions of failure, are 1, increase of one or both venous pressures without increase 
in cardiac output, and/or 2, decrease of cardiac output (pulmonary flow) and 
often also aortic pressure (the latter usually later if at all). Once imtiated, 
cardiac failure pursues an apparently vicious accelerating course with the slopes 
becoming progressively steeper in their upward or downward trends, and es^- 
cially when aortic pressure begins to fall the failure accelerates tremendously. 
All types of failure in our experiments are due to decreased power of the heart, 
but where the cardiac output and arterial pressures are level and the venous 
pressure rises on the left and/or right side, left and/or right “congestive” failure 
is present. In the presence of one or both types of failure the increased venous 
(i.e., auricular) pressures with increased diastolic volume, enable the work to be 
maintained. When the venous pressures do not rise, but work of the heart 
(cardiac output and/or arterial pressures) decreases, “forward” failure is present. 
Failure thus may be of the left or right “congestive” type, of the “forward 
type, of combined left and right “congestive” type, or of “mixed” (cong^tive 
and forward) type. In general, the steepness of the slopes of the curves referred 
to is an expression of the degree of severity of the failure present. ^ 

Isolated heart preparation. Aortic .pressure fell in only half the c^es of “for- 
ward” failure, and in more than half of those in which it fell, the decline in aortic 
pressure was preceded by a decline in cardiac output; in three experiments both 
began to fall at the same time. Delayed or absent fall in aortic prepure is due 
in some to decline in cofonary flow with the consequent increase in coronary 
resistance being sufficient to maintain the total resistance of the two parallel 
circuits through which the left heart output is distributed. The usual cause, 
however, for the maintenance of aortic pressure is the eidstence of a critical level 
of aortic pressure and cardiac output above which changes of the latter o not 
appreciably affect the former. This is due to the peculiar relationship of these 
two in the existent distensible circuit discussed in the text and more fmly in a 
previous repoil (15). This fall in arterial pressure is a sign of advanced, rather 
than early failure. In congestive failure per se, aortic pressure remained con- 
stant. Pulmonary pressure relationships are similar to those of aortic pres.sure. 
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except that coronary resistance increase cannot help maintain pulmonary 
pressure. In left congestive failure, the equivalent of a gap in the circuit in the 
isolated heart preparations was responsible for the lack of rise of pulmonary 
arterial pressure. 

With left or right ‘‘congestive” failure, left or right venous pressure rose in an 
accelerating fashion. The development of “forward” failure lessens the rate 
of rise or even produces a fall — distorting the otherwise exponential type of 
curve. The venous pressures are increased by the congestion consequent upon 
decreased power of the heart but are decreased by the lessened load of the heart 
when the work declines in “forward” failure. Regurgitation due to dilatation 
of the atrio-ventricular valve rings in advanced failure may contribute to the 
rise of venous pressures. Decreased cardiac tonus in failure may lessen this rise. 

Coronary flow changes in “congestive” failure, that is, changes in the partition 
of the cardiac output, occur as in non-failing hearts. In “forward” failure 
coronary flow usually decreases when cardiac output falls. Delay or absence of 
decrease was due, in our experiments, to 1, continuance of spontaneous coronary 
dilatation present before “forward” failure; 2, increase in peripheral resistance 
due to adjustment to keep aortic pressure from falling, and 3, increase in pe- 
ripheral resistance due to decreased distention of the resistance tubing as the 
aortic-vena cava flow decreases. Thus no changes in coronary flow occur which 
are peculiar to heart failure per se. 

Calculated work of the heart was found to be similar to cardiac output except 
when marked “forward” failure was associated with a drop in arterial piessures. 
However, severe “congestive” failure significantly lessens the true work of the 
heart since with pressure already high in the blood as it returns to the heart, 
less work is necessary to raise the pressure to the same degree of arterial pressure. 
This has been neglected in ordinary calculations of work, which have hitherto 
ignored initial pressures of the entering blood. 

Closed-circuit heart-lung 'preparation. Apart from the fact that in these 
experiments artificial maintenance of constant cardiac Avork (when possible) 
delayed or prevented “forward” failure, changes were essentially similar to 
those occurring in the isolated heart, except with regard to pulmonary arterial 
pressure and left venous pressure. Due to the absence of artificial separation 
of the pulmonary artery and “pulmonary veins,” pulmonary arterial pressure 
rose in left congestive failure. Moreover, pulmonary edema, when present, 
caused an accentuated rise in pulmonary arterial pressure and lessened the left 
venous pressure rise. Both factors lessened the tendency of pulmonary arterial 
pressure to fall in some cases when “forward” failure developed. In the isolated 
heart, a similar difference was seen between those experiments in which cardiac 
output was maintained constant and in those in which it was not. 

Effect of increase in load,. On several occasions, increasing the cardiac output 
or artificial resistance initiated or accentuated failure as manifested by the 
changes in venous pressure. Similarly, in severe failure increasing the blood 
volume sometimes 'increased the venous pressures but not the cardiac output, 
and withdrawing blood sometimes reversed this effect. 
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We are indebted to members of the department for assistance in the perform- 
ance of these experiments, and to Mrs. J. Meyer and Mrs. B. Lendrum for 
suggestions in preparing this report. 
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Peripheral nerves contain four different kinds of channels in which substances 
may be transported: the blood vessels, the lymphatics of the sheath, the axons, 
and the spaces between the axons which we shall call the endoneurial spaces. 
The vascular supply of nerves has been dealt with in excellent review papers of 
recent date (Adams, 1942, 1943; Bentley and Schlapp, 1943), and the more 
intricate problem of intra-axonal and inter-axonal traffic has been very com- 
petently discussed in the monograph of Howe and Bodian (1942), according to 
which toxins and neuro tropic viruses seem to spread preferentially inside the 
axis cylinders, taking the ascending direction (see also Speransky, 1935). 

Observations of edema formation in constricted peripheral nerves, on the other 
hand, intimated that fluid outside and between the nerve fibers moves in the 
descending direction (Weiss, 1943a; Weiss and Davis, 1943). 

The centrifugal direction of this postulated endoneurial seepage was, however, 
at variance with earlier reports according to which the direction of fluid con- 
vection in peripheral nerves is mostly towards the spinal cord (e.g., Teale and 
Embleton, 1914, 1919; Yuien, 1928). Those earlier claims were based on 
observations on the spread of various substances, including bacterial suspensions 
injected into large nerves. However, the excessive amounts of fluid used in the 
injections (e.g., 0.2-0.5 cc. of fluid into a rabbit sciatic) must have created such 
unnatural hydrostatic pressure conditions in the nerves that the natural physi- 
ological flow might have been fully obscured by tliis artifact. 

In view of the conflicting and inconclusive state of the problem, the series of 
experiments here described was undertaken. Marker substances used were 
India ink, Chinese ink, potassium ferrocyanide (Weed, 1917) with subsequent 
Prussian Blue precipitation, and radioactive tracer substances. 

The results obtained on a total of 420 nerves prove that in the limb nerves of 
rats and guinea pigs, endoneurial transport is directed toward the periphery, 
and not toward the cord. 

All experiments were done with the sciatic nerve or its two major divisions or 
with brachial nerves of albino rats and guinea pigs. As rat nerves are poorly 

1 This research was done under contract, recommended by the Committee on Medical 
Research, between the Office of Scientific Research and Development and the University 
of Chicago. It was also aided by the Dr. Wallace C. and Clara Abbott Memorial Fund of 
the University of Chicago. 

We are greatly indebted to Drs. S. K. Allison and II. Snell for their generous co-operation 
in supplying us with radioactivated salts, and to Dr. Earl A. Evans, Jr. for the use of t e 
electron counter. 
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fasciculated, any injection into the tranks leads directly into the endoneurial 
spaces. All injections in situ were performed under nembutal anesthesia. 
The nerves were exposed, and all adhering liquid was blotted off. 

I. India ink tests. Injection of cca. 0.1 cu. mm. of India or Chinese ink sus- 
pension into 46 nerves in situ showed in the majority of cases greater spread of 
ink particles in the distal than in the proximal direction during the firet several 
hours after the operation. Clumping of the granules and their adhesivenras to 
the tissue, however, led to early clogging of the endoneurial channels, and the 

method was abandoned as inadequate. 

II. Prussian blue tests. Method. Convection of colloidal and particulate 
dves in nerves has been studied previously (Teale and Embleton, 1919; Yuien, 
1928; Uljanov, 1929; Yuien and Sato, 1929; Perdrau, 1937), but since our 
experiences with ink clumping contraindicated the use of particulate matter, we 
turned to the methods of Weed (1917) and Wishnewsky (1928) using p^assium 
ferrocyanide in solution followed by Prussian Blue precipitation. K 4 Fe(CJN )6 
is introduced into the nerve, allowed to diffuse for varying periods of time, and 
then the nerve is placed into a 10 per cent solution of ferric chlon<^, w c 
precipitates Prussian Blue. Bathing the nerve for two minutes in HjOj before 
immersing in FeCU intensifies the color of the Prussian Blue reaction. 

In the first group of experiments the ferrocyanide was injected in solution. 
Pipettes tapering to 0.2 mm. width at the mouth or minute cotton wicks inserted 
through a lateral puncture were used to introduce the solution. Approximate y 
0.1 cu. mm. of the substance was injected by slight pressure. A drop of par^n 
oil was used to seal the wound and prevent escape of the injected m^s. Ihe 
injected amount was so small that in no case was there any perceptible ^sruption 
of the nerve, except a slight herniation of fibers through the hole in the sheath 


after withdrawing the pipette. , ^ • x j • 

In order to eliminate all injection pressure, we finally turned to mtroducmg 
K 4 Fe(CN )6 in crystalline form. The sheath was punctured with a glass needle, 
and a minute flake of the salt was placed lengthwise between the ^^e fibers 
without injury to the latter. The hole was sealed with paraffin oil. The crystal 

became completely dissolved within 5 to 10 minutes. * 

All experiments were done with rat hind-limb nerves in situ, either intact or 
severed, some in dead animals for controls. After from one half to mne hours, 
the nerves were excised with special care to avoid displacement of the endoneunal 


The injection point was always clearly discernible. After some practice, it 
was easy to tell where the stained zone ended, and checks by different ob^rvers 
on the same preparations never disagreed by more than one milhrneter. Micro- 
scopic examination proved the location of the stain to be exclusively endo- 
neurial, i.e., between the nerve fibers; the substance had not penetrated into t 


The anatomical uniformity of the nerve stretches used for these tests has beeri 
confirmed by diffusion tests in nerves injected several hours after the death oi 
an animal. Table 1 shows the progress of longitudinal diffusion in such nerves. 
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there is no significant asymmetry between the ascending and descending 
directions. 

A . Fluid injectims. In contrast to the results with dead nerves, fluid injected 
into live nerves in situ assumed in most cases an asymmetrical distribution, 
extending farther in the distal than in the proximal direction. Cases with fluid 
injection, no matter how performed, are lumped in the following compilation. 

Out of a total of 77 cases, fourteen (i.e., 18 per cent) showed symmetrical 
spread in both directions; fifty-five (i.e., 72 per cent) greater spread in the distal 
direction, the excess averaging 4.6 mm.; while only eight (i.e., 10 per cent) 
showed greater spread in the proximal direction, with an average difference of 
2.2 mm. Or, if cases with no more than 1 mm. asymmetry are counted as 
symmetrical, the figures are; symmetrical, 23 (30 per cent) ; greater distal spread, 


TABLE 1 

Diffusion of KiFe(CN)i in nerves of dead animals 


NERVE 

duration of 

EXPERIMENT 

E 

proximad (P) 

XTENT OF DIFFUSIOl 

distad (D) 

total (P + B) 

ASYMMETRY 

(D-P) 


hrs. 

mm. 

mm. 

mm. 

mm. 

Tib 

1 

3 

3 

6 

0 

Per 

1 

3 

3 

6 

0 

Tib 

li 

3.5 

3.5 

7 

0 

Per 

li 

3.5 

3.5 

7 

0 

Tib 

5 

6.5 

6.5 

13 

0 

Per 

5 

6.5 

6.5 

13 

0 

Tib 

7 

8 

9 

17 

1 

Per 

7 

8 

9 

17 

1 

Tib.* 

1 

9 

9 

18 

0 

Tib.* 

5 

13 

13 

26 

0 


* Nerves with implants of crystals instead of injections. 


78 (62 per cent), with an average difference of 5.1 mm.; greater proximal spread, 
6 (8 per cent) with an average difference of 2.7 mm. 

There is thus a decidedly greater spread of substance in the descending than 
in the ascending direction. This effect appears no matter whether the injection 
pipette is pointed proximal or distad. It is less marked after injections in per- 
pendicular direction, presumably because this operation involves practically the 
whole width of the nerve. 

Figure 1 gives a graphic summary of the results arranged according to time. 
For the reason just mentioned, the cases with transversal injection have been 
excluded. Of the 29 cases with ascending or descending injection, all but two 
showed a positive distal differential. While the stained area has reached its full 
extent as early as one half hour after injection, the stain has shifted progressively 
in the distal direction, as can be seen from the increasing distance between the 
center of the stained area (white circle), and the injection point (dark circle). 
This shift is most marked during the first half hour, then declines rapidly, and 
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nerve, particularly if series A and B, baaed on a toW of 188 cases, 01 w 

Q.e., 77 per cent) were positive, are taken m conjunction. 
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C. Expeviinetits with cut nerves. Nerves were first treated as in the preceding 
series, but after injection were severed at levels either proximal or distal to 
the site of injection, or both. The cuts were placed far enough from the point 
of injection to allow adequate space for diffusion. The results of 53 experiments 
reveal the following facts. The total length of the diffusion field is of the same 
order as in the intact nerves of series A and B; it is longer after implantation of a 
crystal than after fluid injection. The distal asymmetry, however, has failed 
to develop except in two series, comprising ten cases, in which the injection had 
been pointed in the distal direction (average distal excess, 3.5 mm.). Evidently, 
nerves still contain the mechanism of proximo-distal convection even after 
transection. But the operation of this mechanism was in most cases suppressed 
by cutting the nerve. The location of the cut did not seem to matter, and a 
single cut was as effective as complete isolation. 

III. Tests with radioactive tracer substances. Method. By the use of radio- 
active isotopes, the diffusion field can be plotted out quantitatively. For 
practical purposes, the radioactivity of any given segment of the injected nerve 
is a direct function of the concentration of the injected substance in that segment, 
provided allowance is made for the natural decay of radioactivity. Oui choice 
of appropriate substances was determined primarily by considerations of experi- 
mental expediency. Some of the selected substances were highly toxic, but since 
only short-term experiments were contemplated, this fact was of no consequence. 

Three substances were used: Na^^Cl (half-life of 14.8 hrs.), Cu^'Cb (half-life of 
12.8 hrs.), and practically insoluble Cu®^S (half-life of 12.8 hrs.). 

The salts were deposited in the nerve as solid pellets made by first pulverizing 
the crystals and then compressing the powder in the finely drawn out tip of a 
glass pipette (0.15 to 0.3 mm. wide) . A glass thread fitting the bore of the pipette 
served as plunger to force the pellet out, alter the mouth ol the pipette had 
l^een thrust through the sheath and eased into the interior of the nerve. Each 
pellet was from 1 to 2 mm. long, corresponding to cca. 0.1 to 0.4 mgm. of sub- 
stance. The direction of injection was alternately up and down, so that for a 
given lot of nerves any possible asymmetry from this source cancels out. E\en 
without this precaution, errors due to the direction of injection are highly 
improbable, since the mass is introduced in the solid state. Ihe nerve was 
superficially dry at the time of injection, and special care w as taken to avoid the 
escape of substance to the surface. The sodium chloride and copper chloride 

powders dissolved promptly. . . 

The experiments w^ere done either in situ, wdth or without additional inter- 
ventions (nerve transection, ligation of blood supply), or in vitro. In the former 
case, the wound was closed and the animals were allowed to recover from nem- 
butal anesthesia. In the latter case, the nerves were excised and kept in moist 
chambers at 37°C., stretched out horizontally along silk threads, glass rods, 
or on paraffin-coated glass plates. In vitro experiments required particular 
caution to prevent surface contamination by capillary spread between nerve and 
supports. 

After a lapse of from to 48 hours, the injected nerves were dissected, it in 
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situ; or removed from the moist chambers, if in vitro. From there on, both 
groups were treated alike. M nerves were first dried on glass plates, then 
cni into smaller segments of equal length. The injection site always clearly 
discernible, served as landmark. A piece of nerve measuring 5 mm. to either 
side of this point was excised; it included the original injected zone plus a safe 
margin. This piece will be designated as “center piece” or 0. Movmg from 
it in both directions, the rest of the nerve was then cut with a clean sharp blade 
into 5 mm. fragments (10 mm. in the early senes), consecutively labelled as 
P, P. P» . and Di, Di, D, . . . for the proximal and distal direction, respectively^ 
Thus,’ identical index (e.g., P2 and D2) indicates conjugated samples located 
symmetrically and equidistant from the injection point. . 

Because of the small sizes involved, several nerves were used for each experi- 
ment. After cutting, all fragments from the same levels 

depression slides: one slide received all Pi fragments, another all Dis, a t^rd the 
P*8 etc. Owing to the unequal length of the different nerves, the terminal 
segments wete often fewer, in number; allowance for this fact was then made m 

the calculation of the average radiation per umt. , . , n „„ 

Blood and tissue samples from treated and untreated control animals, as well as 
solutions to be tested for radioactive contents, were evaporated in depression 

slides and then assayed in the dry state. • j uu or. 

Radioactivity was measured with a Geiger-Miiller counter equipped with an 

automatic recording device. Each depression slide, contaimpg the 
samples from the same level of all nerves used in the particular experiment, was 
expLd separately. Position and distance from the counting tube 
ously kept constant. The counting period was usually 5 mmuto. In order to 
make corrections for radioactive decay unnecessa^, conjugated ^ 

always counted in immediate succession. Thus the order of counting was 
mostly 0-PrDi-P.-D,-Ps-D3-P4-D4, etc. These nerve segments are stnctly 
comparable only ivithin the stretch over which the size and structure of the 
nerve remain unchanged. This was true of all but the most remote levels (6 and 
7) as De and D7 lacked a few small peripheral branches leaving the common 
tmnks at Ds. Counts at the extreme levels therefore favor the proxima 

^^^'“background” of stray radiation in the room was determined before and 

afterthenervesampleswereexpo8edandat20to30 minute intervals m Ijtween. 

The mean ot 147 background recordings over a four months penod was 21 .95 ± 
Sqlta/mu,. - 1.74 ± 0.28). Thi, however include, a two we^ 
period during which the counter went out of order and registered 2-3 quanta 
Ter Inute above average. Outside of this period the maximum fluctuation 
observed during any one day was ±3 quanta. All va u^ quo ® 
express actual radiation from the specimens, i.e., tot^ radiation ^ 

average of background readings taken over the course of the given 

In the following description, experiments in rats and guinea pip are treated 
iointirCAie designate by the letters-R” and “GP,” ^pectively. In the 
^2: L^bscissa represents the axis of the nerve, with the a^yed segments 
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arranged serially in proximo-distal order. The ordinates give the counter 
readings per minute for each level. These readings are the sum of the back- 
ground radiation and active radiation from the specimen. Background radia- 
tion is recorde(J in the graphs as a band between the maximum and minimum 
background readings obtained in the course of the experiment. All values above 
this band express radiation actually issuing from the sample ; they are^ repre- 
sented as bars. The varying height of these bars reflects the distribution 
(concentration) of the substance in the nerve. Differences of concentration 
between segments located symmetrically with respect to the injection site are 
represented in the graphs by the black portions of the higher columns. 

The following report is based on a total of 35 experiments (23 in situ, 12 in 
vitro) comprising 193 nerves. 



Fig. 4. Distribution of radioactive Na«Cl in 6 rat nerves (R15-17), 18 hours after in 
jection. 


A. Injections of Na^*Cl. This group consists of 7 experiments with 33 nerves 
in situ, and one experiment in which the nerves had been cut and which will be 
discussed in a later chapter. The results of two typical experiments are repro- 
duced in the graphs, figures 3 and 4. ^ 

Experiment R6-10 (fig. 3), in which the left and right sciatic nerves of five rats 
had been injected was terminated after 3 hours. At this time the substance 
had diffused up and down the nerve and assumed the distribution shown in the 
graph. It can readily be seen that concentrations. are consistently higher at 
the distal levels than at the corresponding proximal levels up to and induing 
level 4 (25 mm. from injection point). More substance has spread in the distal 
than in the proximal direction. 

Experiment R15-17 (fig. 4) in which the right and left sciatic nerves oi 6 rats 
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had been injected— with the pellet in all six cases being deposited proximal to the 
puncture — was continued for 18 hours. The distribution of radioactive sub- 
stance in the nerve after this period reveals the following facts : 

1. The concentration is still highest at the original injection site, and falls off 
rather sharply to either side. Since sodium chloride with its high solubility 
must have long since diffused out from the region, it is obvious that some of the 
radioactive sodium had become fixed in less soluble form in the tissue, thus 
preserving some of the shape of the original concentration gradient. 

2. There is no significant difference between the proximal and distal fragments 

at levels 1 and 2. .• i • 

3. The 'distal segments 3, 4, 5 and 6 contain radioactive sodium greatly in 
excess of the amount present at the corresponding proximal levels. The low 
intensity and relative constancy of the radiation from Pa through P7 suggest 
that these parts of the nerve have obtained their Na^^ from the blood and not by 


TABLE 2 

Distribution of Na^*Cl injected into nerves in situ 


EXP. 

NO. OP 
NERVES 

DURATION 
OP EXP. 

CENTER 
PIECE 0 

SP 

quanta/ 

MIN. 

ZD 

quanta/ 

MIN. 

DISTAL 
EXCESS 
D-P quanta/ 
MIN. 

ASYMMETRY 
(d > P) 

R 1 L 

1 

hrs. 

3i 


64 

146 

82 


•p %-A. 

4 

3 


2936 

3318 

382 


R 3 

2 

2i 


584 

854 

270 

+ 

R 6 

2 

24 

30 

4 

14 

10 

- 4- 

R6-10 

10 

3 

347 

320 

546 

226 

+ 

R 11-14 

7 

5 

75 

107 

148 

41 

4- 

R 15-17 

6 

18 

46 

87 

123 

46 

4- 


direct diffusion from the center piece. Distally, this condition is not reached 
until Dt. Only the zone from P2 to Da contains concentrations that can be 
ascribed to direct diffusion. As the center of this area lies in D2, it is evident 
that the whole diffusion field has shifted distad by at least as much as the distance 
between levels 0 and Dj, i.e., 10 mm. This value does not express the true 
rate of the shift, because, as stated in point (1), after 18 hours we are no longer 
plotting the original diffusion field but only its fixed residue. 

The remaining five experiments gave essentially similar results. They are 
summarized in table 2. This summary treatment ignores the distribution 
gradients and merely compares the total amount of radioactive substance found 
distally to the injection point with that contained in the corresponding proximal 
stretch of nerve. Radiation intensities varied greatly from experiment to 
experiment, owing to differences in the initial potency and the degree of decay 
of the different radioactive preparations at the times they were used. The very 
low count of is explained by the long duration of the experiment (24 hrs.), 
allowing for th§’ washing out and excretion of the injected substance. Otherwise 
the results are uniform. All tests show a distinct excess of substance in the 
distal portions, rising to as much as several hundred quanta per minute. 
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B. Injections of Cu^S. Four experiments with 19 nerves were carried out 
in this series. In line with the low solubility of the salt, no radiation was 
detected in any nerve segments except the ones containing the original injected 
mass. Only minute traces could be detected in the blood of these animals. 
Radiation intensities in the center pieces of the four groups were 19232, 9644, 
1583 and 1726 quanta per minute after 6, 25, 42 and 48 hours, respectively. 
The contrast between these high values and the absence of activity in even the 
next adjacent segments not only proves the complete lack of diffusion in these 
cases, but provides a crucial test for the general reliability of the technique, 
since any traces of contamination due to handling would have produced positive 

county. . , , 

C. Injections of Cu^Ch- This substance, which owing to its bluish tint could 

easily be recognized after its deposition in the nerve, did not dwindle as rapidly 

TABLE 3 


Differential distribution of radioactivated salt in nerve segments nearest to injection site 



NO. OP 
NERVES 

DURATION 
OF EXP. 

INJECTED 



DISTAL DIFFERENTIAL 

ASYM- 

METRY 

D>P...+ 

D=P...-» 

D<P...- 

EXPERIMENT 

quanta/ 

MIN. 

Pi 

Dl 

Di-Pi 

quanta/ 

min. 

Percent- 

age 

GP 1-2... 

3 

hrs. 

4 

2040 

221 

289 

68 

per cent 

31 

+ 

GP 6-7... 

4 

5 

6144 

689 

829 

140 

20 


GP 12-13... 

4 

6 

7099 

829 

708 

-121 

17 

— 

GP 4-5... 

4 

18 

544 

17 

25 

8 

insign. 

— 

R 32-40 

10 

4 

5760 

1464 

458 

-1006 

220 


R 41-43 

4 

16 

3908 

107 

109 

2 

insign. 


Total 

29 


25495 

3327 

2418 

-909 

38% 

— 


as did Na^^Cl. Consequently, it was still visible at the end of an experiment 
as a distinct blue spot. Since the radiation intensities of the center piece and the 
adjacent Pi and Di segments were too high to be shown on the same scale with 
the much weaker radiations of the more distant levels 2, 3, 4, etc, they were 
omitted from the graphs and are given in tabular form later (table 3). 

There were 6 experiments comprising 29 nerves in wliich Cu^^Cb was injected 
into nerves in situ with no further interference. Two sample cases are shown in 
the graphs (figs. 5 and 6), both of 4 hours’ duration, the first with 3 nerves in 
guinea pigs, the second with 10 nerves in rats. The longer nerves of guinea pigs 
yield more 5 mm. segments for testing, and being more fasciculated than rat 
nerves, they offer interfascicular spaces for liquid transfer. Yet, them were no 
essential differences between the two groups. Both show a spectacular excess 
of radioactivity in the distal segments over the corresponding proximal ones. 
In experiment GP 1-2 (fig. 5), the presence of directly diffused substance (i.e., 
not carried through the blood), is demonstrable between levels Ps and Dio. It 
presumably extended beyond D,o, where nerve samples were not assayable for 
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anatomical reasons. The geometric center of the radioactive area, Mcordii^y, 
hes between Ds and Ds, which corresponds to a total shift of the diffmon held 
down the nerve of cca. 15 mm. in 4 hours. In experiment R32-40 (fig. 6), the 
distal spread has likewise gone beyond the limits of the nerve stretch dissected 
for assaying, but by extrapolation from the graph it may be estimated to have 
extended into D», which would bring the approximate center to Ds, correspond- 

ing to a distal shift of cca. 10 mm. in 4 hours. 

Of the remaining 4 experiments, done with 16 nerves and ranging from 5 to 
18 hours, the 18-hour one (G.P. 4-5) gave very low counts (compare table J 
with a correspondingly small, though definite, distal overbalance (SD = 70; 
SP « 46). Evidently, most of the substance had disappeared by this J^ime. 
The results of^the other three experiments (GP 6-7, 5 hr.; GP 12-13, 6 hr.; 



Fig. 5 ^‘8- ® 

Fig. 6. Distribution of radioactive Cu'Hllt in 3 guinea pig nerves (GP 1-2) , 4 hours after 

Fig.°6. Distribution of radioactive Cu«Clj in 10 rat nerves (R32-40), 4 hours after 


injection. 


R 41-43, 16 hr.), all essentially alike, have been lumped into a single graph, 
figure 7.' The marked distal shift of the diffusion field for the whole lot is 

evident. ^ , i o ^ 

In contract to these fully consistent results with segments from levels 2 ana 

beyond, the counts from segments Pi and Di were erratic. They are given in 
table 3. There was no significant difference between Pi and Di in some cases; 
others showed a positive distal, and still others a positive proximal differential. 
A discussion of this fact will be given later. 

D. Injections combined with other interventions. The following experiments 
constitute an attempt to elucidate the mechanism of the proximo-distal con- 


vection effect. 

Stoppage of 
possibility was 


blood circulation. On a previous occasion (Weiss, 1943a), the 
discussed that endoneurial fluid might be propelled by the 
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arterial pulse. In order to test this hypothesis, the right and left sciatic nerves 
of two guinea pigs were injected with Cu^^Ch as usual, and then circulation was 
stopped by ligating the aortae near the heart. The nerves were left in situ 
for 5 hours and then dissected and assayed. The results are shown in figure 8. 
Evidently, a shift of the diffusion field distad had occun-ed. This result disproves 
the assumption that the pulse wave, or any other circidatory factor, furnishes the 
driving force for the endoneurial shift of fluid. It also shows that death of the 
animal does not immediately stop the shift. According to table 1, however, 
the shift no longer occurs a few hours after death. 



Fig. 7 ^*8- ^ 

Fig 7 Distribution of radioactive Cu'Cb in 12 nerves, 6-16 hours after injection. 

Fig. 8. Distribution of radioactive Cu«Cl, in 4 nerves of guinea pigs with arrested 
circulation, 5 hours after injection. 


Injection of transected nerves. In this series, 1C sciatic nerves in 4 groups were 
first transected far proximally and distally and then injected about half way 
between the cuts with Cupels, but otherwise left undisturbed. Assys after 
4 to 6 hours gave the followdng results. One animal (GP 11) had died shortly 
after the injection and 6 hours later showed no significant asymmetry of the 
diffusion field within levels 2, 3, 4 (tramsections in Ps and Ds). Two senes 
(8 nerves) showed a definite distal shift (table 4) and one series (6 nerws) 
showed a distal surplus at levels 3 and 4, but a dLstal deficit at level 2. (For 
counts of segments Pi and Di, see table 5.) The results prove that a distal shift 
may still occur after the continuity between the injected stretch and the rest 
of the nerve has been interrupted. However, the absence of the effect m one 
case and its partial reversal in another are perhaps significant in view of a similar 
variability noted in transected nerves tested with Prussian Blue (series II ), 
as well as in the completely excised nerves described in the following. 
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Injection of excised nerves in vitro. This series includes 6 experiments with 
52 nerves, injected with Cn'^h in vitro and then incubated in moist chambers 
for from 1§ to 5 hours. The results were not consistent. In the shortest 
experiment (4 rat nerves; l§-2 hr.), there was no significant asymmetry (R27-30; 
table 6), conceivably because of insufficient time. Another experiment (Rl-10; 
10 nerves, 4 hr.) showed a proximal surplus from Pi through P4, but in this set 
the nerves had been hung across horizontal threads in chain-like fashion and the 
alternation between sagging and supported parts may have affected diffusion. 


TABLE 4 

Distribution of Cu^*Cli injected into transected nerves in situ (GP 10, S nerves, 6 hours; RU-48, 

6 nerveSf 4 hours) 


LEVEL 

2 

3 

4 

5 

6 

D 

488 

45 

27 

21 

14 

P 

58 

24 

14 

11 

1 10 

D - P 

430 

21 

13 

10 

4 


TABLE 5 

Concentration of Cu‘*Ch in the center piece and adjacent segments P i and Di of transected 

nerves in situ or in vitro 


expesivent 

CONDITION 

NO. Of 

DOHA- 

CENTER 
PIECE 
(0) , 
quanta/ 

MIN. 


Dl 

ASYMMETEY 

ASYM- 

METRY 

IN REST 

NEKVES 

TION 


Sense 

Amount 

BEYOND 

Pi AND Dl 

GP 10 

in situ 

2 

hrs. 

6 

9963 

808 

236 

D < P 

572 

D > P 

R 37-39 

in situ 

6 

4i 

2443 

605 

530 

D < P 

75 

D > P 

R 44-46 

in situ 

6 

4 

21484 

2302 

1998 

D < P 

304 

D > P 

GP 15-26 

in vitro 

12 

3J 

56449 

2015 

1585 

D < P 

430 

D > P 

R 1-10 

in vitro 

10 

4 

14812 

615 

111 

D < P 

504 

D < P 

R 11-18 

in vitro 

8 

4 

90604 

9577 

2892 

D < P 

6685 

D > P 

R 19-26 

in vitro 

8 

4i 

20012 

182 

257 

D > P 

75 

D > P 

R 27-30 

in vitro 

4 

li . 

5432 

11 

13 

D = P 

2 

D = P 

R 55-64 

in vitro 

10 

5 

17045 

4942 

1721 

D < P 

3221 

D < P 


A third experiment (R55-64; 10 nerves, 5 hr.) showed a marked proximal surplus 
in Ps and Pa, and a very slight distal surplus in Da and Da. The remaining 
three experiments (12 guinea-pig nerves, 3| hr.; 16 rat nerves; 4-4^ hr.) produced 
a very pronounced distal shift (fig. 9). In one of these. experiments (Rll-18; 
table 5), a very potent salt preparation was used, and this accounts for the 

unusually high values in this group. _ _ 

Taking these results in conjunction with those of the preceding section and 
those of section II C, two facts emerge. First, proximo-distal convection is 
still demonstrable in completely isolated nerve fragments, and second, this 
shift may in certain cases be abolished or even wholly or partly reversed as a 



FLUID CONVECTION IN ENDONEURIAL SPACES OF NERVES 


533 


result of transection. Whether the transected nerves are left in situ or are 
transferred into moist chambers of body temperature, seems to have no influence 
on the results. 

The counts at levels Pi and Di adjoining the center piece are given in table 5. 
In 7 out of 9 experiments with transected nerves in situ and in vitro, the con- 
centration of the diffused substance was lower in Di than in Pi. A careful check 
of our procedures has convinced us that this paradoxical relation is to be ascribed 
to a slight, but systematical, error in the cutting of the nerve samples under the 
binocular microscope. The coincidence between the injection point and the 
null point of the measuring scale was established by binocular vision, while the 
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p 1 I D 

Fig. 9. Distribution of radioactive Cu®^Cl 2 in 28 excised nerves, 31-41 hours after in- 
jection. 

5 mm. marks were viewed with the right eye only. This produced a parallactic 
shift of 0.5 mm. to the right from the injection point, enough to give the observed 
asymmetry in the center piece, where ‘'the concentration gradient is very steep. 
This error is negligible for the more distant segments with gentler concentration 
slopes. 

Nevve ends in pools. This series was designed to test possible polarity in the 
leaking of substance from cut nerve ends and in the diffusion into a nerve through 
its cut surface. The experiments could not be carried beyond the exploratory 
state and deserve repetition on a larger scale. 

Three experiments with 14 nerves were set up to examine polarity of leakage. 
The nerves were excised and injected with Cu^^Cb. They were then propped 
up in their middle portions, with the ends dipping into separate pools of Ringei s 
solution in depression slides. The arrangement was as nearly symmetrical as 
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possible. At the end of each experiment, the nerves were lumped and assayed 
in the usual manner, and in addition the amount of radioactive substance that 
had appeared in each pool was determined. • i 

One experiment comprising 6 guinea-pig nerves (4 hr.) gave a strikingly 
positive result and may be reported in detail (table 6). Besides the counts 
obtained from the lumped nerve samples, the table lists the contents of the 
twelve pools— one at the proximal (Ap, Bp, Cp . . .), and one at the distal (Aa, 
Bd, Cd • • •) end erf each of the six nerves. It can be seen that the concentrations 
within the nerves were agmn much higher on the distal than on the proi^al 
side. As for substance that had left the nerves, traces of it were prerent m all 
proximal pools. Traces of the same order were recovered from the (&tal pools 
of three of the nerves (A, B, C). In the remaining three nerves (D, E, F), 
however, the amounts of substance discharged from the distal ends were about 
10 times as large as tho.se discharged from their proximal ends. Thus, whenever 


TABLE 6 


DUtribution of Cif'Clt in six eicised guinea-pig nerves and in pools of Ringer’s solution 

bathing the nerve ends 


CONCSNTRATION WITHIN NERVE (QUANTA/MIN .) 


CONCENTRATION IN POOLS (QUANTA/MIN.) 


Level 

0 

1 

2 

3 

4 

5 

6 

Nerve 

A 

B 

C 

D 

E 

F 

D 

P 

12077 

12077 

2050 

8794 

659 

245 

397 

27 

153 

10 

163 

5 

76 

10 

D 

P 

10 

7 

5 

5 

12 

7 

33 

8 

66 

7 

80 

9 

D~P 

Asym- 

metry 


-844 

D<P 

414 

D>P 

370 

D>P 

148 

D>P 

158 

D>P 

66 

D>P 

D-P 

Asym- 

metry 

3 

D-'P 

0 

D-P 

5 

D'-P 

30 

D>P 

59 

D>P 

80 

D>P 


any oriented convection of substance occurred at all, it was in the proximo- 

distal direction. . , , , x ..u + 

Two other experiments with 4 rat nerves each yielded very low counts without 

significant asymmetry, either within the nerves or between the pools. 

In a second series of tests, the excised nerves, uninjected, were placed in 
chambers with one cut end dipping into a solution of radioactive CuCU and the 
other end in ordinary CuCU (both concentrations 10 mgm./cc.). In half of the 
specimens, the distal end was exposed to the active solution; in the other hm , 
the active solution was at the proximal end. The nerve was freely suspended 
and formed the only communication between the two pools. 

One experiment (8 guinea-pig nerves, 7 hr.) gave the following results. The 
four nerves with the distal end in an active pool issued a weak radiation (cca. 
10 quanta/min./cm.), slightly grading off towards the proximal end. Traces 
of the substance had actually passed into the proximal pools (7, 7, 9 a,ncl 1-i 
qu./min., respectively). In contrast, the four nerves with the proximal ends 
in the activated solution, contained tmee as much su^tance, and samples ot 
1 cm. length taken near the middle gave counts five times as high as the cor- 
responding values of the former group. Evidently, more substance is taken up 
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through a proximal than through a distal cross section, supporting the thesis of a 
polarzied proximo-distal convection inside the nerve. As for the four distal 
pools, three showed mere traces of transferred substance (4, 8 and 9 qu./min.), 
but one pool, significantly, gave the relatively high count of 33 quanta per minute. 
Thus, appreciable transfer has been observed in the proximo-distal direction, 
but in no case in the reverse sense. Two further experiments executed in the 
same manner but terminated earlier (after 3 hr.) gave negative results, as the 
time had obviously been too short for any appreciable transfer. The inter- 
pretation of these experiments is complicated by the fact that some of the 
substance presumably enters the axis cylinders themselves through the cut ends 
(Perdrau, 1937). 

E. Assay of blood. No attempt was made to determine the time when the 
injected isotopes first appear in the blood stream. However, blood samples 
taken between 4 and 24 hours after injecting the nerves with either sodium 
chloride or copper chloride gave off radiation, increasing from an average of 
30 quanta per minute per cubic centimeter of blood after four hours to 120 
qu./min./cc. after 20 hours in the rat. The concentrations in the guinea pig 
were lower, presumably because of the greater blood volume. 

Discussion. The reported experiments have established the fact that, when 
minute amounts of a diffusible substance are deposited between the fibers of a 
nerve which is otherwise left intact, and after sufficient time has been allowed 
for the spread of the substance in the nerve, more substance is generally found 
distal to the injection point than proximally. This fact has been verified in 
several hundreds of cases, using ink, Prussian Blue, or radioactive isotopes as 
test substances. 

To explain this asymmetry of distribution, one must assume either that the 
structural conditions for diffusion are different up and down a nerve or that 
diffusion is symmetrical, but the diffusion field as such is being carried downward. 
Structural conditions within the tested stretches of nerve were sufficiently 
uniform to discount the former explanation: diffusion in nerves injected suffi- 
ciently late after death is symmetrical (table 1), This leaves as the sole explana- 
tion a descending shift of the whole fluid in which the diffusion takes place. 

That this descending fluid convection occurs in the endoneurial spaces has 
been demonstrated microscopically by the endoneurial position of ink particles 
and Prussian Blue granules in the respective experiments. While traces of 
sodium or copper in the isotope tests may have permeated into the nerve fibers 
themselves, the amounts would be negligible in comparison with the masses 
lying in the endoneurium. The scene of the observed convection effect is, 
therefore, the space between, rather than inside, the nerve fibers.^ 

* As a note of historic interest, we add here a translation of Ranvier’s comment on the 
anatomical basis of the spreading of substances in nerve (Traits technique d’histologie; 
Paris, Librairie F. Savy, 1875) : 

'Tn 1824 Bagros (M^moire sur la structure des nerfs; Repertoire d’Anatomie et de 
physiologie. vol. 4 : 63, 1827) injected nerves with mercury. . . . He concluded that in the 
interior of each nerve fascicle there is a preformed canal analogous to a vascular canal. 
Later, Cruveilhier, . . . suggested that in injecting into the center of a nerve, one injects 
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Origin, composition and destination of the “endoneimal fluid” (Weiss, 19^a) 
are still unknown. It may be in communication with the subdur^ cerebro- 
spinal fluid and receive contributions from blood capillaries, nerve fibers and 

epineurial lymphatics. , , , , x i r 

The normal rate of “endoneurial flow” cannot be safely calculated from our 
measurements, because it is perceptibly altered by the very indicators used to 
measure it. For instance, it is slowed by ferrocyanide injection (figs. 1 and 2), 
presumably due to an astringent effect on the endoneurial connective tissue. 
The isotope markers, on the other hand, tended to become bound to the tissue 
in less soluble compounds, thereby losing mobility. Even one day ^ter an 
injection, the isotope, introduced in very soluble compounds, was still found 
near the injection site in relatively high concentrations. A general estimate of 
the rate of flow can, nevertheless, be obtained frona experiments of short dura- 
tion The total shift of the diffusion field distad is given by the distance between 
the original injection point and the center of distribution of the marker siAstance 
at the end of the experiment. This shift, calculated from the graphs, figures 5 
and 6, amounts to 10-15 mm. in 4 hours, or an average of cca. 3 mm. per hour. 
The same value has been found during the first hoar after ferrocyanide injection 
(fig. 1), while after the implantation of ferrocyanide crystals, the rate was 
slightly’ less (cca. 1 mm. per hr.). These values, obtained by very Querent 
methods of injection and assaying and with different chemicals, are sufficiently 
in agreement to permit us to set the rate of endoneurial flow in the nerves stuffied 
as of the order of from one to a few millimeters per hour (one to several inches 

p0i* cisty) 

The mechanism of propagation and the motive force of this endoneurial 
flow are obscure. In an earlier paper (Weiss, 1943a), the hypothesis had been 
considered that the pulse wave might serve as motor. However, the observation 
that the flow may continue after stoppage of circulation, as well as in completely 
excised nen^es, disposes of that hypothesis. The latter cases, at the same tune, 
prove that the mechanism must lie and operate right in the nerve itself. In 
excised nerves, the distal convection effect was much less regular, and if present, 
usually weaker. This suggests that some uncontrollable by-product of tran- 
section may interfere with the mechanism of propagation; e.g., occlusion of the 
nerve interior by closure of the epineurium over the wound; superficial drying 
of the wound; presence or absence of blood clots; tufting of cut nerve fibers. ^ 
Pending further research, the problem remains a matter for speculation. 
It seems that a simple polarized convection of fluid in such a system as the 
interstices of nerve at the observed rate can be explained either by electncal 


neither the neurilem, nor the nervous substance, nor the vessels, but a sheath belonging to 
each aber bundle (“aiet”). I (i-e-, Ranvier) have demonstrated since piecherches sur 
I'anatomic et la physiologie des nerfs, Arch, de physiol., 1872, p. 439) that the injected mass 
which penetrates into a nerve fascicle spreads between the different constituent tubes and 
may extend longitudinally between them to greatjengths without reaching the enveloping 
perineurium, and consequently the injection of nerve fflaments does not imply the existence 
of a circumscript canal in their interior** (pp. 770-771). 
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polarity or by mechanical propulsion. There is no crucial evidence in our 
experiments either for or against the assumption that the transport may be of 
electrophoretic nature (Yuien and Sato, 1929). One would have to postulate a 
steady and rather high electrostatic potential along the axis of the nerve as 
motive force. However, information on this latter point is scanty. Mendels- 
sohn (1885) has described a longitudinal potential gradient in resting nerve. 
But we are unaware of any confirmatory evidence that would have been published 
since. Burr, in a private communication, informs us that exploratory tests 
on two uninjured sciatic neiwes of guinea pigs in situ showed potential differences 
between two levels 8 mm. apart of the order of a few millivolts, with the distal 
level positive to the more proximal one. The ''demarcation potentiaP' after 
transection could be shown to be composed of the injury potential and the basic 
longitudinal potential of the intact nerve. Suggestive as these observations 
are, they are evidently not yet sufficient to support an electric theory of endo- 
neurial flow\ 

Mechanical propulsion in narrow spaces may result from ciliary activity, 
which is definitely absent in nerve, or from peristaltic contractions. A slight 
peristalsis in nerve fibers, consisting of a rhythmic local dilatation and contraction 
wave propagated centrifugally, could readily produce the observed flow. In 
fact, the model suggested previously (Weiss, 1943a) for the collateral propulsion 
of endoneurial fluid by the pulse wave, is pertinent to any sort of peristaltic 
wave. It illustrates how a succession of such waves in closely packed tubular 
spaces would maintain a steady flow of liquid in the interstices, provided the 
whole system is contained in a rather rigid sheath as is the case with nerve. 

The notion of peristalsis in mature nerve fibers deserves serious consideration. 
Some recent discoveries on the grovi^h and behavior of constricted nerve fibers 
may have an intimate bearing on the case, as follows. Extensive observations 
on the damming, ballooning, telescoping and coiling of nerve fibers proximal to a 
constriction, briefly mentioned in previous publications (Weiss, 1943b, 1944a, 
1944b), but not yet reported in full, have led to the conclusion that axonal 
substance is constantly moving at a very slow rate in centrifugal direction, not 
only in the growing phase, but in the stationary condition of the functional 
mature fiber. It may be difficult to explain this phenomenon otherwise than 
by some sort of peristalsis. A semblance of peristalsis can be discerned in some 
of SpeidePs motion pictures of living axon sprouts. However, it has never been 
seen or suspected in the mature nerve fiber. If it should prove to be a fact, it 
could account for the endoneurial flow, too. 

How the endoneurial fluid is disposed of peripherally, remains to be determined. 
Its biological significance is likewise still a matter of conjecture. Since it bathes 
all nerve fibers, its composition and physico-chemical properties are evidently of 
prime importance to the normal maintenance and functioning of nerve. Its 
possible r61e in nerve regeneration has been mentioned on previous occasions 
(Weiss, 1943a, 1943b). 

The direct demonstration of centrifugal endoneurial flow in this paper confirms 
the interpretation of edema in constricted nerves advanced on an earlier occasion 



638 PAUL WMSS, HIS WANG, A. C. TAYLOR AND MAG V. HDDS, JR. 

(Wete, 1943a ; Weiss and Davis, 1943) . It can readily be seen that any narrow- 
ing of the endoneurial channels must lead to accumulation of fluid between the 
nerve fibers at the proximal side of the constriction with resulting distention 
of the nerve. A similar edema often arises at the blind end of an unconnected 
central nerve stump, where further fluid transport is blocked by the connective 
tissue cap forming over the wound. Since such terminal edemas commonly 
form the basis for the development of large bulbous neuromas (Weiss, 19^a), 
it would seem indicated in amputations to insure conditions that will least 
interfere with the continued drainage of the nerve fluid into the surrounding 

tissues. . 

Denny-Brown and Brenner (1944) have contended that “edema in con- 

stricted nerves is due to ischemia and may be present on both sides of a constric- 
tion. The latter statement is meaningless in view of the fact that the authors 
use the term “edema” for both the collection of interstitial fluid between nerve 
fibers and for the pathological swelling of nerve fibers themselves, which is a 
wholly different process. To avoid further confusion, the reader may be referred 
to microphotographs of typical cross sections of nerves proximal and distal to a 
constriction, reproduced in figure 4 of Weiss and Davis (1943) and figure 6 of 
Weiss (1943a), showing the strict confinement of interstitial edema to the prox- 
imal side. The notion that constriction edema in nerve is of vascular oripn, 
has been advocated by Denny-Brown and Brenner as a matter of opimon, 
without experimental verification. It can hardly be accepted in the face of 
the experimental facts cited by Weiss (1943a) as disproving it. The alternative 
interpretation of nerve edema as dammed up endoneurial fluid was conectly 
labelled by Denny-Brown and Breimer as a “hypothesis.” The facts reported 
in the present paper, however, remove it from that category. 

Our demonstration of descending convection in the endoneurium seems to be 
at variance with earlier claims (see the introductory pages) according to which 
substance injected into nerve trunks spreads toward the cord. However, the 
two sets of data are hardly comparable. While we have used hundreds of 
animals, most earlier authors based their conclusions on a few, and not always 
consistent, cases. Where we used minimal amounts of substance (cca. 0.1 
cu. mm.), exercised meticulous care to avoid major nerve disruption, controlled 
or wholly eliminated pressure and directiveness in the act of injection, and 
assayed the spread of the test substances quantitatively, they injected several 
thousand times as much, thereby causing profound disturbances of the nerve 
structure, took no adequate precautions against pressure artifacts, and judged 
their results by much cruder criteria. In those earlier experiments, so much 
violence was done to the nerve that the delicate phenomenon of endoneunal 
flow could not possibly have manifested itself. 

While our experiments contain no indications that fluid traffic between fascicles 
and inside fascicles would occur in opposite directions, it should be borne in 
mind that the choice of small and poorly fasciculated nerves for our experiments 
means that our conclusions are strictly applicable to the endoneunal, i.e., 
intrafaseicular transport only. 
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SUMMARY 

1 . The hypothesis of a steady proximo-distal movement of fluid in the endo- 
neurial spaces of peripheral nerves, first suggested by observations on nerve 
edema (Weiss, 1943a), was subjected to an expeiimental test, comprising a 
total of 420 limb nerves of rats and guinea pigs. 

2. To test fluid transport in nerve, marker substanc^^es were deposited between 
the nerve fibers with the least possible damage to the continuity and structure 
of the nerve. In contrast to earlier experiments of this kind, only minute 
amounts of substance were used (ca. 0.1 cu. mm.) and care was taken to eliminate 
all possible artifacts due to the pressure and orientation of the injection. Test 
substances were introduced either in solution or in solid form. After periods 
varying from less than one hour to a few days, the distances to which the sub- 
stance had spread up and down the nerve were determined. With the use of 
radioactive tracers, the actual shape of the concentration gradients could be 
determined. These assays gave the following results. 

3. Diffusion in nerves injected several hours after death proceeds symmetri- 
cally, that is, for equal distances up and down from the injection point. 

4. In live nerves, no matter what method is used, an excess of substance is 
found distal to the site of injection, indicating a progressive transport of the 
injected substance in the distal direction, with endoneurial fluid serving as 
vehicle. 

5. India or Chinese ink injections (46 expts.) showed the distal shift but were 
not fully conclusive because of technical difficulties. 

6. Injection of potassium ferrocyanide which was later precipitated to Prussian 
Blue by ferric chloride (162 cases) proved, on the whole, the presence of a 
proximo-distal shift in intact nerves at a rate of from 1 to 3 mm. in the first 
hour, gradually slowing down, presumably because of an astringent action ot 
the test substance. In transected nerves, the convection effect is more or less 
disturbed. 

7. Injection of radioactive isotopes (Na^^Cl, Cu^^Cb) made it possible to 
follow the distribution of the injected material quantitatively with the aid of a 
Geiger-Mtiller counter. The results obtained with 193 nerves thus studied have 
proved conclusively the gradual shift of the diffusion gradient in the distal 
direction, indicating a proximo-distal flow of the endoneurial fluid at the rate of a 
few millimeters per hour. This flow may continue after the stoppage of circula- 
tion and even in completely excised nerves, although nerve transection often 
introduces uncontrollable disturbances. 

8. The origin and fate of the endoneurial fluid and the mode and motive force 
of its displacement down the nerve are unknown. An electrical and a mechanical 
concept (peristalsis of nerve fibers), both wholly tentative, are briefly discussed 
in the text. 
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Protection against glare is an important function of the eyelids. When 
looking with closed eyes against a bright light source, for instance sun light, 
there is still a sensation of intense brightness, so that subjectively the reduction 
of glare is far from complete. The effectiveness of the eyelids in glare reduction 
has theoretical and practical significance. To our knowledge, no attempt has 
yet been made to determine this function. We were interested in measuring 
the effects on clearly defined visual functions rather than on the subjective glare 
sensation. It is known (1) that objective glare effect and subjective glare 
sensation are not necessarily parallel. The best approach to determine the 
proportion of light penetration through the eyelids appeared to be the use of 
light and of dark adaptation. Dark adaptation was useful in a comparative 
study of the glare effect of two different illuminants (2), the duration of dark 
adaptation being proportional to the level of brightness of exposure. An even 
better method is the speed of light adaptation, since the decrease of sensitivity 
of the retina during light exposure is the primary function and the recoveiy of 
sensitivity (dark adaptation) is the secondarj-^ function. 

Method. Light adaptation has been considerably less studied than dark 
adaptation. While there are several studies concerning the influence of the 
brightness level on light adaptation, we know of only one paper (3) dealing with 
the effect of varying duration of exposure between one and forty minutes, i.e., 
the speed of light adaptation. These time intervals are too long to determine 
the course of threshold changes during light adaptation, especially in the early 
phases where the speed changes rapidly. We have, therefore, measured the 
speed of light adaptation with time intervals of seconds rather than minutes; 
this material will be published separately. Elsberg and Spotnitz (4) varied 
duration of exposure in shorter intervals, but they used as a criterion of dark 
adaptation the threshold of visual discrimination at a level of illumination which, 
although dim, was far above the range used for dark adaptation experiments. 
They found that the duration of exposure is a more important factor than the 
level of brightness. Although dark adaptation probably plays a major role in 
their arrangement, other visual functions are included also, so that their results 
are not conclusive. 

Blanchard (5) has worked out an accurate method to measure the instan- 
taneous threshold after light exposure. The results were discussed and ap- 
preciated by Hecht (6). Immediately after exposure to light, the subject views 
the test patch of a dark adaptometer. After several trials, the brightness of the 
test patch can be adjusted so that it can be just recognized immediately after 
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exposure. It is clear that 5 to 6 trials, at least, are necessary to determine the 
instantaneous threshold value. Since we compared three different illummante 
with exposure periods from 2 to 300 seconds, resulting in a number up to ^ 
exposures in one single series, Blanchard’s original rnethod was not applicable. 
Instead, we used an approximate method, measuring the threshold about 5 
seconds’ after the light exposure in successive experiments with increa^g light 
exposure which we define as relative light adaptation threshold. Thus, we 
obtained a curve of threshold values. These values are somewhat below the 
instantaneous threshold, but definitely and closely related to it. Certainly, the 
values are comparable so that the calculation of the precentage of light penetra- 
tion through the eyelids is not affected. 




Fig.l 

Fia. 1. Light sensitivity, thresholds in M.F.C., after exposure of increasing duration 
(abscissa, seconds) to a dim (10F.C.,eye8 open) and a bright light (1050 F.C., two illumi- 

nants, eyes closed) . , . • j 

Fig 2. Speed of light adaptation, M.F.C. per second, after exposure of increasing dura- 

tion (abscissa, seconds) to a dim (10 F.C., eyes open) and a bright light (1060 F.C. , two illumi- 

nants, eyes closed) . 


The simplest procedure for the calculation of the percentap of light penetra- 
tion would be to expose open and closed eyes to the same fight source, and to 
vary the exposure time in such a way that either the relative fight adaptation 
threshold (first reading after 4 to 5 seconds) or the adaptation time (last reading) 
for both arrangements (open and closed eyes) are equal. This procedure, 
however, is not accurate, because the fight adaptation speed changes con- 
siderably during the fight adaptation. Since the fight adaptation speed also 
depends on the brightness level, different results were obtained at different lev^ 
of brightness. Therefore, we decreased the brightness of the exposure m the 
arrangement with open eyes, until the speed of fight adaptation was approxi- 
mately the same with closed and open eyes._ We matched the brightness for 
subject S. S. ; figure 1 shows that the course of fight adaptation is about the same 
with open eyes and with closed eyes with two different illuminants. The 
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other two subjects were investigated at the same standard conditions as subject 
S. S. Since we were interested only in an approximate estimation of the per- 
centage of light penetration within the range of a few percent — any greater 
accuracy would be indeed quite meaningless due to intra- and interindividual 
variations— this procedure was sufficiently accurate. For exposure to open 
eyes we used frosted glass (Mazda) bulbs (lamp A) and Verd-A-Ray bulbs 
(lamp B). In illuminant B, the radiation at both ends of the visual spectrum is 
reduced without appreciable reduction in the middle part of the spectrum 
(between 5400 and 5600 AU^) . 

Three well trained subjects were used (S. B., S. S., E. S.). For light exposure 
the subject viewed an illuminated frosted glass plate (8 by 8 inches) from a 
distance of 6 (lamp A) or 3 inches (lamp B). The visual field, therefore, was 
very large. The time of successive exposures was 2, 5, 10, 20, 40, 60, 80, and 
100 seconds for subject S. B.; 5, 20, 60, 120, and 300 seconds for subject E. S.; 
5, 10, 20, 40, 60, 120, and 300 for subject S. S. The brightness was 1050 F.C. 
in the arrangement with closed eyes and 10 F.C. with open eyes. Immediately 
after exposure the subject turned over to the dark adaptometer. The experi- 
menter increased the brightness of the test patch until recognition. Since 
preliminary experiments had given the approximate range of expected initial 
threshold values, it was possible, after some training, to have this reading taken 
4 to 5 seconds after the end of the exposure. These readings could be repeated 
with an error not exceeding rt5 per cent. The time when the reading was taken 
w^as noted by means of a stopw^atch, but little difference was found wffien the 
reading time was taken within one second. After this first reading the dark 
adaptation was measured until the value of 0.05 M.F.C. was reached. This 
value includes full cone adaptation and the first (rapid) segment of rod adapta- 
tion. For our problem, cone adaptation is much more important than rod adapta- 
tion. Since light adaptation is a pure cone function with the levels of brightness 
used in our arrangement, only cone dark adaptation can be related to the cor- 
respondent values of light adaptation. 

We used Newton’s instrument, wffiere the brightness of the test patch (of i 
degree, 5 degrees above the small red fixation point), is varied by means of 
variation of the angle of the beam illuminating the test patch. Thus the color 
of the test patch does not change at different brightness levels. On each experi- 
mental day, all three illuminants were investigated (lamp A and lamp B, closed 
eyes 1050 F.C.; 10 F.C. lamp A, open eyes), but their sequence was changed in 
the consecutive experimental days. Each arrangement w^as used twice in the 
same order in the total of 18 experiments in each subject. There was no evi- 
dence, however, that the sequence was of importance for the results obtained. 
For calculation, only the data with lamp A, closed eyes at 1050 F.C. and open 
eyes at 10 F.C. were used, since both arrangements concern usual frosted lamp 
bulbs. From the increasing threshold values with increasing duration of light 
exposure, the average speed of light adaptation for the consecutive periods was 

1 More detailed data on the spectral distribution of this illuminant are given in an earlier 
paper (7). 
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calculated in terms of M.F.C. per second. From the values, the percentage of 
Ught penetration through the eyeUds was calculated for each suteequent period, 
so that the influence of the change of the light adaptation speed with exposure 

TABLE 1 

LigU adaptaiion (threshold M.F.C. and speed: M.F.C. per second) and coefficient of ligU 

'nitration through the eyelids 




time of light exposure 

ILLUMINATION 

8VBJ1CI 

ruNcnoN 

2 

5 

10 

20 

40 

60 

80 

100 

120 ; 

300 



, 

tec. 

sec, i 

sec, i 

sec. 

sec, i 

sec, i 

sec. 

sec. 

sec. 

sec. 

lAinp B, 1050 F.C., 
closed eyes 

S.B. 

Threshold M.F.C. 3 

Light adaptation 1 

.43 3 
.71 0 

.08 4 
.1810 

.71 5 
.146 0 

.85 

.114 

7.52 8 

0.083 0 

.65 9 
.066 0 

.58 1 
.046 < 

0.0 

0.021 




speed 













Threshold M.F.C . 9 
light adaptation 1 

1.18 a 

1.59 0 

i.07 4 
1.261 0 

t.68 6 

1.142 Q 

.60 

1.098 

7.39 8 

0.089 0 

:.62 9 
1.061 0 

1.80 1 
1.059 

0.0 

0.01 



Lamp Af 1050 F.C., 
closed eyes 


speed 













Threshold MiiF.C. i 

1.60 t 

i.75 ; 

r.l5 J 

1.85 ] 

10. 0 






10 F.C. open eyes 


Light adaptation 1 

2.30 ( 

).383 ( 

).28 ( 

).15 

0.067 








speed 













Per cent light penetra- 

0.601 

0.622 1 

0.481 

0.621 

1.263 








tration 












S. S. 

Threshold 

light adaptation 


3.67 

0.734 

4.30 

0.134 

5.07 

0.077 

6.25 

0.059 

7.13 

0.044 



8.65 

0.0253 

9.92 

0.007 

Lamp B, 1050 F.C., 
closed eyes 


speed 













Threshold 

Light adaptation ! 


3.60 

0.72 

4.37 

10,154 

5.17 

0.08 

6.27 

0.055 

7.13 

|0.043 



8.38 

0.021 

19.88 

0.008 

l/amp A, 1050 F.C., 
closed eyes 


speed 













Threshold 

Light adaptation 


3.80 

0.76 

4.55 

0.15 

5.50 

0.095 

6.45 

0.0475 

7.48 

0.051 



8.52 

0.0174 

9.02 

0.008 

10 F.C., open eyes 


speed 













Per cent light pene- 


0.02 

0.978 

0.805 

1.10 

0.805 



1.14 

0.95 



tration 











' .JS'”" — 

E. S. 

Threshold 

Light adaptation 


1.96 

0.39S 

5 

3.24 

0.08( 

) 

4.92 

0.03t 

1 


6.92 

0.033 

9.92 

O.OK 

Lamp B, 1050 F. C.| 

5 closed eyes 


speed 













Threshold . 
light adaptation 


1.72 

0.34- 

i 

2.96 

0.08: 

J 

4.68 

0.04: 

J 


7.16 

0.041 

9.68 

0.01 

Lamp A, 1050 F.C., 

1 closed eyes 


speed , 













Threshold 

light adaptation 


2.48 

0.49 

6 

3.56 

0.07 

2 

5.68 

0.05 

3 


6.80 

0.018 

8.16 
9 0.00 

10 F.C., open eyes 

8 


speed 













Per cent light pene< 


0.66 

il 

1.01 

1 

0.77 

3 


. 2.13 

1.74 

\S 


tration 









— 




time is largely eliminated. In case the Ught adaptation f 

is identical with closed eyes (1060 F.C;> and with open eyes (10 the 

penetration coefficient is obviously 10/1060 = 0.0096 = P®*" 

^d is slower with closed eyes (Lc) than with open eyes (Lo) a smaller per 


EFFICIENCY OF GLARE REDUCTION BY EYELIDS 


645 


centage of light than 0.95 per cent has penetrated the eyelids; if the speed is 
greater with closed eyes, the percentage of light penetration is greater than 

LC 

0.95 per cent. Therefore, the penetration coefficient is 0.95 X A similar 

calculation was made for the cone dark adaptation periods, using the total 
duration necessary to recognize the final threshold of 0.05 M.F.C. 

Results. Table 1 shows the immediate thresholds, i.e., 4 to 5 seconds after 
exposure of increasing duration, each value representing the average of six 
experiments. The increasing thresholds show the course of light adaptation 

TABLE 2 


Cone dark adaption time (seconds) and coefficient of light penetration through the eydids 






TIME OF LIGHT EXPOSURE (sCCOnds) 






FUNCTION 









ILLUMINATION 


2 

5 

10 

20 

40 

60 

80 

100 

120 

300 



S.B. 

Dark adapt, (seconds) 

8.67 

11.7 

14.5 

19.0 

22.7 

32.5 

42.2 

43.6 



Lamp B, 1050 

F.C., 












closed eyes 



Dark adapt, (seconds) 

9.00 

11.5 

14.7 

16.2 

24.2 

32.5 

38.4 

50.5 



Lamp A, 1050 

F.C., 












closed eyes 



Dark adapt, (seconds) 

13.2 

17.7 

26.0 

32.8 

44.0 






10 F.C., open eyes 


Per cent penetr. 

0.65 

0.65 

0.54 

0.495 

0.52 








s. s. 

Dark adapt, (seconds) 


6.8 

9.0 

10.0 

13.3 

14.0 



19.3 

17.4 

Lamp B, 1050 

F.C., 












closed eyes 



Dark adapt, (seconds) 


8.0 

9.0 

9.4 

9,6 

12.8 



15.7 

16.7 

Lamp A, 1060 

F.C., 












closed eyes 



Dark adapt (seconds) 


8.8 

11.2 

12.2 

13.8 

18.7 



25.7 

32.0 

10 F.C., open eyes 


Per cent penetr. 


0.86 

0.77 

0.73 

0.66 

0.68 



0.58 

0.50 



E. S. 

Dark adapt, (seconds) 


7.2 


19.2 


31.0 



36.2 

45.4 

Lamp B, 1050 

F.C., 












closed eyes 



Dark a4i|ikpt. (seconds) 


8.4 


13.2 


26.4 



31.8 

42.6 

Lamp A, 1060 

F.C., 












closed eyes 



Dark adapt, (seconds) 


12.0 


23.2 


39.4 



59.4 

99.4 

10 F.C., open eyes 


Per cent penetr. 


0.67 


0.64 


0.64 



0.53 

0.42 




with exposure time (s. fig. 1), rapidly increasing during the first seconds and 
then gradually slowing down, approximating a steady state. From these 
values, the speed of light adaptation was calculated in terms of M.F.C. per 
second, shown in the second horizontal columns of table 1, and in figure 2, 
using a logarithmic scale. The last column shows the percentage of penetration, 
as calculated from lamp A, 1050 F.C., closed eyes, and 10 F.C., open eyes. 
Due to the much faster light adaptation speed of subject S. B., shorter exposure 
times (from 2 to 100 seconds) were given. The penetration coefficient of 
subject S. B. is between 0.5 to 0.7 per cent up to 20 seconds’ exposure and increases 
to 1.263 per cent at 40 seconds. Since 10 M.F.C. represents the highest meas- 
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nrable value of our adaptometer and since this value was reached with open 
eye^ at 40 seconds, ho values beyond 40 seconds are available 
For subject S. S., the percentage of penetration is about the same (about p 
cent) through the whole range from 5 to 300 seconds exp^ure • 
subject E S., the variation is somewhat greater with a tendency 
at the longer exposure time. In spite of individual differences of light adaptation 
speed, the percentage of penetration shows surprisingly smaU mdmdual van- 
ations and is in the range of approximately 1 per cent. nf 

Table 2 shows the results of cone dark adaptation time until 
0.05 M.F.C. The percentage of penetration, calculated from t ’ 

lower than that obtained from light adaptation, varymg between 0.5 and 0^8 
Tier cent with a tendency to decrease with increasing exposure time. Again, 
She simUarity of results is surprising in spite of considerable mi^dual differences 
of individual dark adaptation, which is much f^ter in subject S. S 
Comment. The efficiency of the glare protecting function of the 
rather high; approximately 1 per cent (calculated ^ht^ada-ption)^ 

proximately 0.6 per cent (calculated from cone dark ^aptation) of the total 
Lht flux penetrates the eyelids. Considerable individual differences 
ind of dark adaptation influence the magnitude of 

but little. This result is quite in contrast to the ^ ^ 

is still considerable when looking with closed eyes against 1050 F C., and cer 
tainlv greater compared to the subjective brightness sensation with open eyes 
at 10 F C Obviously, the physiologically effective radiation os measure y 
means of dark and li^ht alptation differs from the subjectively effective 
radiation There is reason to beUeve that the spectral distnbution is changed 
bv the passage through the eyelids, probably by the blood circulating in the 
eyelids ^ The after images in the experiments with open and with dosed eyes 
iffer in that the color is green after light exposure with closed eyes, ^^hei- 
more, no difference in light and dark adaptation mth cW eyes fou 
between illuminant A and illuminant B in this senes, although ilium 
Lows faster dark adaptation and slower light adaptation ^2) with open eye j as 
eLdencTof a less prLunced glare effect. Since the spectral distnbution d 
illuminant B differs from illuminant A (s. method), this difference mus 
nIS by thTwe through the eyelids. Another factor of importance 
is the scatter effect by the eyeUds; when moving the eyeballs mth closed ey^ i 

« appear to be eerily 

™ o«y due to the tact that light cud d»k ad^tahou a« no 
merely proc«ee. different in direction, but aleo driest “ 

S B has the fastest light adaptation speed; subject S. S. has the fastest, a 
adaptation speed. This shows that it is impossible to match m one areangemen 
the speed of light and of dark adaptation 

briehtnesB for open or closed eyes even ior the same subject. This explains 
Lfthe different trends, especially ot dark adaptatto 'Sy 

times An important suggesUon from these expemnents, although not direcuy 
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concerned with our results, is that light adaptation should be considered in all 
experiments with dark adaptation. Usually, different subjects are compared 
with the same standard light exposure, but, as shown in table 1, large individual 
differences of light adaptation do exist, so that dark adaptation might start 
after the same light exposure, from a very different initial threshold in various 
subjects. 


SUMMARY 

Light and dark adaptation were used to measure the coefficient of light penetra- 
tion through the eyelids, after exposure times varying from 2 to 300 seconds. 
Only approximately 1 jier cent of physiologically effective light calculated from 
light adaptation, and 0.6 per cent calculated from dark adaptation penetrates 
the eyelids. The values of three well trained subjects were similar, in spite of 
considerable individual differences in hght and dark adaptation speed. 

The high efficiency of the glare protecting function is probably to a large extent 
due to a change of spectral distribution during the passage through the eyelids. 
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From the works of Evans (1), Armstrong (2) and Thorn (3), it is apparent that 
the adrenal cortex plays an important r61e in promoting the sumval of rats 
under anoxic conditions. However, no adrenal therapy has hitherto been 
shown to benefit normal rats exposed to experimental “high altitudes. 
experiments herein reported show that when the adrenals of rats were yper 
trophied from the injection of pituitary adrenocorticotropic hormone, such 
animals lived much longer than those without this pre-treatment. 

Experimental. The adrenocorticotropic hormone (ACTH) was prepared 
from sheep pituitaries by the method recently described (4). Forty to 43 day 
old normal male (Long-Evans strain) rats were given adrenocorticotropic 
hormone intraperitoneally twice or thrice daily for 7 days. On the day of the 
anoxia test, 6 or 7 injections were made at approximately two hour intervals. 
The rats were then placed in individual low pressure chambers and 
at a rate equivalent to an ascent of 1,500 ft. per minute to a plateau of 27,000 It. 
(258 mm. Hg). A thermostatically controlled cabinet kept the environmental 
temperature 25° to 26.5°C. Unless otherwise specified the preceding diet was 
fed ad libitum. The rats remained in the low pressure chamber without food or 

water until death. An autopsy was performed on each rat. ,„ . • 

The low pressure equipment devised in this laboratory accommodates 40 rats in 
individual chambers thus providing for the immedia,te removal of any rat at the 
exitus lethalis for purposes of autopsy , etc., without disturbing othere. am era 

were made of quart fruit jars with floors of wire screen and two-piece metal lids 
through which were soldered \ inch copper tubing inlet and outlet tubes. A 
heavy vacuum seal grease was used: there was a complete absence of leato at the 
equivalent of 40,000 ft. elevation. The inlet and outlet tubes of the chambers 
were connected by short rubber vacuum tubing to i inch pipe brass stopcwks 
threaded into half inch water pipe. A needle valve at the inlet and outlet ^ 
the vacuum line was used to balance the incoming and outgomg air for 20 

chambers. A mercury manometer registered the vacuum. 

was very constant and gave fluctuations of less than ±100 ft. m 27,000 tt. 
equivalent elevation. The air inflow to each chamber renewed the air in excess 

of eight times per minute. . x 4. ,;+v. 

Results. As will be seen in table 1, the animals having pre-treatment with 

the adrenocorticotropic hormone lived longer than untreated controls. Column 
5 of the table gives the number of rats aUve in excess of those alive in the un- 

‘ Aided by Grants from the Office of Scientific Research and Development, Contract 
OEMomr-133, and the Josiah Macy Jr. Foundation, New York City. 
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treated control group; it may be noted that it required a total dose of 4.5 mgm. 
of the hormone for total protection under the conditions of the experiment. 

TABLE 1 


Effect of pure pituitary adrenocorticotropic hormone on the survival of normal 
rats during anoxia* 


TOTAL DOSB 
HOSKONE 1 

NO. OF BATS 

BODY WEIGHT 

AVERAGE 
SURVIVAL ' 

NO. OF RATS 
ALIVE BEYOND 
CONTROLS 

1 

WT. OF 2 
ADRENALS 

WT. OF 
THYMUS 

mgm. 


grams 

hrs. 


mgm. 

mgm. 

63.0 

9t 

59 

12.5 

7 

40 

30 

0.0 1 

9t 

69 

3.1 

0 

21 

185 

21.0 

7 

160 

10.1 

6 

72 

138 

0.0 

6 

165 

2.5 

0 

38 

392 

5.0 

10 

172 

6.7 

10 

46 

399 

0.0 

10 

174 

3.0 

0 

38 

311 

4.5 

10 

159 

19.9 

10 

56 

192 

1.8 

10 

162 

3.4 

4 

46 

279 

0.5 

8 

166 

9.8 

2 

42 

360 

0.0 

7 

164 

1.5 

0 

30 

430 


* Elevation, 27,000 ft. at 25“26°C. 

t 28 day old male rats. All other groups are 40-46 days of age. 


TABLE 2 


Effect of alkaline extract of beef anterior hypophysis, acid-acetone powder from sheep glands 
and pitressin on the survival of normal rats during anoxia* 



TOTAL 

DOSE 

NO. OF 
RATS 

BODY WT. 

AVERAGE 

SURVIVAL 

NO. OF RATS 
ALIVE 
BEYOND 
CONTROLS 

WT. OF 2 
ADRENALS 

WEIGHT OF 
THYMUS 


mgm. 


grams 

/trs. 


mgm. 

mgm. 

Crude alk. extract . . 

71. 5t 

10 

179 

3.6 

0 

53 

393 


32.5 

10 

182 

3.9 

1 

38 

361 


0.0 

9 

181 

5.8 

0 

38 

400 

Acid-acetone powder 

130t 

10 

145 

18.5 

3 

58 

127 


70 

10 

155 

2.2 

0 

43 

244 


0 

10 

178 

4.7 

0 

39 

488 

Pitressin 

5 units 

5 

153 

3.0 

0 

37 

323 


0 

5 

152 

3.3 

0 

38 

405 


* Elevation, 27,000 ft. at 25-26‘^C. 

t Injections were carried out at 2 hour intervals beginning 16 hours before anoxia. 


In some preliminary experiments in which we employed partially purified 
adrenocorticotropic fractions, it was observed that the survival of injected 
animals was actually shortened although the adrenal was hypertrophied, but the 
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experiments herein reported with pure ACTH lead us to interpret the earUer 
results as due to some contaminant or contaminants of the impure preparatio^. 

Experiments using the pr^sor principle of the posterior pituitary (Pitrrasm, 
Parke, Davis Co.) did not shorten the survival. These results and those from 
the employment of crude alkaline extract of beef anterior lobes and the acid- 
acetone powder of sheep pituitaries (starting material for the isolation of adreno- 
corticotropic hormone) (4) are summarized in table 2. The acid-acetone powder, 
10 mgm. daily for 7 days, produced no benefit and actually caused a shorterang 
in survival. However, if the injections were administered at 2 hr. intervals 
beginning 16 hrs. preceding anoxia, the rats lived much longer than their con- 


Hours 20 
Of 

Survivoi 


□ 


15L 


Rots psr 
Group 


Control 

One injection daily 
Opce dolly and 6' or 7 
times last 12 or 14 hours 



"H 



-9 io To ’ io 10 To ^ 6 7 9 9 

Crude Alkaline Extroct Acid Acetone Powder Adrenocorticotropic 

He 1. The anoxia survival (in hours) of normal male rats receiving pituita^ adreno- 
corticotropic hormone (ACTH), acid acetone powder and alkaline extract of beef pitui- 
tary. Elevation, 27,000 ft. at 25-26''C. 


trols. The crude alkaline extract evidently contains such injurious contaminants 
that in spite of hypertrophied adrenals, protection to anoxia was not afforded. 


SUMMARY 

Figure 1 summarizes the data on the anoxia survival of rats receiving pure 
adrenocorticotropic hormone, pitressin, sheep pituitary acid-acetone powder 
alkaUne extract of beef pituitary. It is clearly shown that the adrenocortico- 
tropic hormone exercises a beneficial effecLon Uie resistance of normal male 
rats to low atmospheric pressure. 
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This paper presents the therapeutic effects of choUnesterase and plasma on 
hemorrhagic and traumatic shock. It was observed previously but not re- 
ported, that during the manipulation of intestines of experimental hyperthyroi 
dogs to produce shock, an injection of eserine caused a precipitous fall m blood 
pressure This phenomenon indicated that in the genesis of shock, the cho in- 
esterase mechanism might play a r61e worthy of more complete study. 

Expeeimental methods. Dogs anesthetized, except where noted, wi i 
mgm. of sodiupi barbital per kgm. were used throughout these studies. Hemor- 
rhagic shock was produced by repetitive bleedings from the femoral artery until 
shock was established. Traumatic shock was produced by manipulating a loop 
of intestine until the blood pressure dropped and remained at shock levels. In 
both types of shock, therapy (if any) was instituted only after the blood pressure 

remained at shock levels of 60 mm. Hg for at least 30 minutes. 

Hemorrhagic shock (/). Normal anesthetized dogs were used. Continuous 
kymographic tracings of blood pressure were recorded froin a carotid artery. 
FoUowing a control period of 15 to 30 minutes, a volume of blood equivalent to 
2 per cent of the dog’s body weight was bled very rapdly from a femoral.a,rteiy. 
After such a bleeding the blood pressure drops precipitously but in a rninu es 
partially recovers. After an interval of at least 15 minutes, additional blood 
to the extent of 1 per cent of the dog’s body weight was mthdrawn, and this was 
repeated until the mean blood pressure remained at 60 mm Hg or lower for at 
least 30 minutes. Usually the dogs were bled 4 per cent of their body weights 
to attain this condition of shock. Hematocrit and serum cholmesterase values 
were determined during the control period and at intervals after the bleeding. 
The hematocrits were read in Van. Allen tubes. Cholinesterase was determined 
according to Ammon’s (1) method, which depends on the hydrolysis of acetyl- 
choline to carbon dioxide and acetic acid by the cholinesterase. The actual 
determination was as foUows: 0.25 cc. of serum was put m the central part of the 
Warburf? vessel and 2.5 cc. of bicarbonate-Rmger buffer was added. The buher 
Twai^ by adding 21 cc. of 0.154 M NaHCOa to 100 cc. of mammah^ 
Ringer solution and the solution equiUbrated for 5 minutes mth a ^ 

95 ir cent N* and 5 per cent CO* giving a pH of 7.4. Acetylcholme chloride, 
5 mgm. dissolved in 0.25 cc. bicarbonate-Ringer solution, 
arm The vessel was flushed with 95 per cent N 2-5 per cent CO 2 at 38 C. ter 
10 minutes before closing the stopcocks and then the acetylchohne m the mde 
arm was added. Readings were taken every 3 minutes for 18 imnutes. 0^ 
urdt of cholinesterase is defined as that amount of enzyme which under 
conditions gives 1 mm.* of CO 2 per minute during the ensuing 3 to 18 mmutes. 
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Hemorrhagic shock was produced in 18 dogs which make up 3 groups, ac- 
cording to the treatment given subsequently: 

1. In 6 dogs no attempts at therapy were made. 

2. In 6 dogs 3000 to 5000 units of cholinesterase, prepared according to the 
method of Stedman, Stedman, and Eason (2), were injected intravenously, after 
the blood pressure had remained at shock levels for at least 30 minutes. 

3. In 6 dogs dried beef plasma, brought to the original volume by addition of 
distilled water, was injected intravenously after the blood pressure had been at 
shock levels for at least 30 minutes. The amount of beef plasma injected was 
equal to or greater than the volume of plasma but not of whole blood which the 
dog had lost by hemorrhage. 

The results of these experiments with dogs show that cholinesterase does not 
alleviate the symptoms of shock produced by hemorrhage, while dried beef 
plasma is effective in raising and maintaining the blood pressure of these animals. 
Detailed analysis of these experiments is shown in table 1. 

Shock 'produced by gut manipulation (//). Experimental hyperthyroid dogs 
were used in these studies, because Schachter and Huntington (3) observed that 
such dogs go into shock more readily than do normal dogs. The dogs were 
divided into 4 groups : 

1. Serum cholinesterase was determined on 18 normal unanesthetized dogs, 
which were then rendered hyperthyroid by feeding 0.8 gram of desiccated thyroid 
per kgm. per day for 14 days. The serum cholinesterase on the 7th and 14th 
days of thyroid feeding was not appreciably different from the initial value. 
The results are shown in table 2. 

2. Twenty-four experimental hyperthyroid dogs were anesthetized and the 
blood pressure was recorded from a carotid artery. Following a control period 
of about 15 minutes, the abdominal wall was opened and a loop of intestine 
taken out and manipulated between the palms of the hands for not more than 
15 minutes. Such manipulation caused most animals to go into shock. The 
intestine was then replaced and the abdominal wall closed. If the blood pressure 
did not stay at the shock level, the manipulation was repeated. At no time did 
the total manipulation exceed 30 minutes. Serum cholinesterase and hematocrit 
values were determined before gut manipulation and during shock. All of these 
dogs died in shock (table 1). 

3. Six hyperthyroid dogs were shocked as under 2. When the dogs had been 
in shock for about 30 minutes, intravenous injection of beef plasma was given. 
The amount of plasma administered was equal to the calculated plasma volume 
of the animal. In spite of the plasma given, all these dogs died in shock (table 1) . 

4. Eighteen dogs, thrown into shock as under 2, were treated with 3000 to 
5000 units of cholinesterase instead of plasma. The cholinesterase was ad- 
ministered intravenously at the rate of 10 to 15 units in 0.1 to 0.15 cc. of fluid per 
minute. The administration of cholinesterase caused a gradual rise in blood 
pressure and an increase in plasma volume as indicated by the reduced hemato- 
crit values. In fact the symptoms of shock were alleviated in 16 out of 18 dogs, 
as shown in table 1. Several hours after the cessation of cholinesterase adminis- 
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trations the blood pressures were still at normal levels, and presumably the d^ 
would have continued to live if the experiments had not been termmated after 

about 6 hours. , 

In order to test whether it was the cholinesterase or some other substance m 
the preparation which was responsible for the alleviation of shock symptoms, the 
following experiment was done: • j j 

Six dogs were fed thyroid, as previously described, and then shock was induced 
by intestinal manipulation. Four of these six dogs were treated with chohnes- 


TABLE 1 

Awra« fMutt* of experiment* on experimental shock due to hemorrhage and trauma to the 
intestine, and the effect of therapy on the course of expenments 


TYPE or 
SHOCK 


MO. 

Of 

D008 


HMOorrhEge 

Hemorrhftcs 

Hemorrhage 


Out mamp< 
ulation 
Gut manip' 
ulation 
Out manip< 
ulation 


AVERAGE 
HEMATOcarr % 


TYPE Of 
THERAPY 


Be- 
fore , 
t^ock 


None 

Infusion of 
cholines- 
terase 
Plasma 


24t 

6t 

18 t 


None 

Plasma 

Infusion of 
cholines- 
terase 


Dur- 

ing 

^ock 


49 


51 


49 


46 


At end 
of 

experi- 

ment 


Before 

shock 


40 


43 


54 


00 


59 

49 

55 


average XTMITS Of 

CHOLINESTERASE* 
PER CC. OP SERUM 


During 

shock 


31.7 
:±:3.15! 
35.0 
=fcl.06| 

37.4 
±2.74 


84.7 
±2.21 
41.3 
±1.57! 
38.9 
±0.1 


At end 
of 

experi- 

ment 


35.8 
± 2 . 86 | 

88.2 
±2.94' 


45.9 
±1.78' 
44.5 
±1.09| 


No. 


30.5 
±3.13| 
13.3 
±1.23| 

86.1 
±8.54 


IMin. 


37.4 I 24 
±2.181 
40.9 
± 2 . 

88.6 
±1.541 


No. 


150 


176 


207 


SURVIVED 


16 


Remaiks 


Terminated ex- 
periments on 
the average at 
the end of 218 
minutes with 
blood - pressure 
above shock 
levels 


Recovered from 
shook and had 
normal blood 
pressures when 
the experiments 
were terminated 
after an average 
of 6 hours 


• Th» viau.fivMxi.th..v«ra«e± the BtandKd error ol the 

t Docs m>re Sd d^oosted thyroid 0.8 grsm/kgm./day for U days prior to experiment. 

terase originaJly equivalent to 5000 units but inactivated by heating in an oven 
at 1O0|C. for 3 hours. None of these dogs were benefited-by the mjection of the 
inactivated chohnesterase and all died in shock. . , . . 

Another 2 dogs, after having been put into shock by gut ^ 

treated with chohnesterase inactivated by physostigmine sahcylate. these 

'^'di^tosion. Blalock (4) and Parsons and Phemister (5) m^tain that shock 
is due to a loss of plasma-like fluid at site of injury. From their work it would 
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be expected that replacing the lost fluid with either plasma or whole blood would 
be adequate therapy. However, this is generally not the case. 

Duncan and Blalock (6), Best and Solandt (7) and Taylor and Moorhouse (8) 
found that injection of fluid into animals shocked by trauma or crush to the 
limbs would not save these animals. Clinically, Grant and Reeve (9) found that 
treating air-raid casualties with plasma did not save many patients from shock. 
The results of the studies reported in this paper confirm the above findings for, 

1. Plasma alleviates the shock condition due to uncomplicated hemorrhage, 

2. Plasma does not materially alter the shock due to trauma, and 

3. Cholinesterase alleviates the shock syndrome due to trauma. 

TABLE 2 


Units of cholinesterase per cubic centimeter of serum of unanesthetized dogs before and after 
feeding of 0.8 gram of desiccated thyroid per kilogram per day 


DOG NO. 

BEFORE THYROID FEEDING 

ONE WEEK AFTER THYROID 
FEEDING 

TWO WEEKS AFTER THYROID 
lEEDmO 

1 

29.8 

34.2 

32.7 

2 

34.4 

30.3 

34.5 

3 

29.8 

26.4 

26.4 

4 

41.6 

42.9 

45.7 

5 

51.2 

53.1 

52.1 

6 

36.2 

45.8 

43.3 

7 

41.7 

41.5 

48.1 

8 

38.3 

39.5 

37.2 

9 

40.8 


43.3 

10 

33.0 

35.7 

37.1 

11 

25.9 

34.7 

33.1 

12 

35.9 

42.1 

43.9 

13 

28.8 


31.3 

14 

43.8 


44.3 

15 

39,6 


35.8 

16 

41.3 


47.3 

17 

32.9 


25.2 

18 

44.9 


44.2 

Average 

37.2 

38.4 

39.2 


The modus operandi of cholinesterase is not clear. The serum cholinesterase 
is not diminished either during thyroid feeding or during shock, as is demon- 
strated in tables 1 and 2. For any one dog, the slight variation of serum cholin- 
esterase after one and two weeks of thyroid feeding is of no significance, since 
the between-dog values vary so much. Therefore it would not seem that shock 
is due to a diminished serum cholinesterase. This does not agree with the 
findings of Frommel et al. (10), who found a decrease in serum cholinesterase 
activity following trauma to the legs of guinea pigs. On the other hand, there 
is no increase in the cholinesterase content in the serum shortly after the in- 
travenous administration of cholinesterase. Of course the amount of cholin- 
esterase administered is small compared with the amount normally present in 
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the dog’s plasma; nevertheless, after injection of choUnesterase, an increase 
rather the slight diminution shown in table 1 would te expected. ^ 

Since cholinesterase causes a reduction in the hematocrit values, its effectiTC- 
ness in traumatic shock may be due to a shift in fluid from the tissues into the 
blood stream, with a resultant increase in plasma volume. Or the beneficial 
therapy of cholinesterase ihay be due to destruction of any increased acety - 
choline in the blood stream consequent to the trauma; the acetylcholine would 
cause dilatation to such an extent that fluid would leave the vascular bed. The 
cholinesterase might destroy the acetylcholine, with a subsequent vasoconstnc- 
tion and a redistribution in the body fluids. Thus the fluid returned to the blood 
under these conditions would remain in the vascular bed, while fluid injected 
into the blood stream when the vessels were dilated would leave the blood in a 
very short time. This is very well demonstrated in the experiments of Harkins, 
Boals, and Chuim (11) and Duncan and Blalock (6), who found that in traumatic 
shock infusion of plasma causes a greater loss of fluid at the site of trauina. 
This means that fluid leaks through the capillaries during shock. This situation 
apparently is alleviated by cholinesterase. . 

Also cholinesterase may have other functions than just destroying the acetyl- 
choline formed during transmission of the nerve impulse, for cholinesterase is 
found in tissues where there are no nerves and which, as far as can be determined, 
are not under nervous control. The red blood cell, rich in cholinesterase, is a 
good example. One also must not overlook the possibility that the body during 
shock may form inhibitors of cholinesterase which are not detected in the chem- 
ical determination of this enzyme, and that the extra cholinesterase administered 
may be enough to swing the animal towards a normal state. 


SUMMABY 

1. Surgical shock was produced in 66 anesthetized dogs by excessive hemo^ 
rhage or manipulation of the intestines. When permanent shock levels of blood 
pressure were demonstrated to be present, treatment consisting of either restora- 
tion of blood volume or injection of cholinesterase was attempted. 

2. The dogs in hemorrhagic shock responded well to beef plasma, administered 
in appropriate volumes, by recovering from shock. 

3. The dogs in traumaiic shock were benefited by plasma only temporarily. 

4. When the dogs in traumatic shock were given intravenous injections of 
cholinesterase; the blood pressure nearly always (16 out of 18 dogs) returned to 
normal and remained there for the duration of the experiment. 

Since this work was initiated at the University of Chicago, I wish to thank 
Drs. A. J. Carlson and A. B. Luckhardt for their guidance and courtesies. 
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It has been shown that stimulation of skeletal muscle in many a^als leads 
to a loss of potassium from the muscles in exchange 

sodium chloride and water (Fenn and Cobb, 1936; Fenn et al., 1938, Fenn, 9 ). 
This loss of potassium during muscular activity persists on rate ra^e 

tassium deficient diet, although a lack of Pf t^3te 

growth (Heppel, 1940) . The following work is an attempt to confirm the re 
of J. C. Somogyi and Verzar (1941) who were unable to demo^trate a K loss 
from the skeletal muscles of adrenal-deficient cate, even though the muse es o 
these animals accomplished the same amount of work as those of normal animals 

in which a loss of potassium was easily shown. 

Methods. Male albino rate, weighing from 80 to 100 grams, were adren - 
tomized in one operation using ether as the anesthetic. No vessels needed to be 
tied and there was rarely more than slight bleeding. . ^ j 

Symptoms of adrenal deficiency usually developed m seven to ten days. The 
critS adopted as evidence of insufficiency were hypothermia, anorexia, ataxia, 

profound inactivity unless probed, and weight loss. W 

When such signs had manifested themselves, the rate were anesthetized by 
subcutaneous injection of 1 mgm.per 100 grams body weight 
saline (25 per cent solution). Occasionally it w^ necessaiy supplement tffis 
wth a Uttle ether. The sciatic nerve on one side was exposed and cut in 
sciatic notch, kfter which it was drawn through two silver wire electrodes in a 
glass tube. The knee on the same side was fixed to a board ; the Achilles tendon 
was freed and attached by means of ligature thread to an isometric lever. T 
initial tension was set and automatically maintained at 50 grams by means of a 
pX aZgement d,*cribed by Fern. (1938). Stimulstion ™ , 

producing 0.4 second of just maximal tetanus alternating with 0.4 second of r^^ 
A thyratron stimulator was used to produce the discharges, 
in all cases was about 58 shocks per second. The cath(^e 
distal electrode. In all cases the stimulus was maintained for 3^ J 

whether or not the muscles continued to contract. M contractions were re 

corded on a slowly moving kymograph drum. 

Immediately after the period of stimulation, the anmal was bled to death 
and the approximate length and maximum diameter of the gastrocnemius mu 
^oup were measured. Also the soleus plantaris muscles were 
analyzed separately. Since the results obtained mth 
those of the gastrocnemius group the data are not given The 
freed of fat and nerves, weighed in tared weighing bottles before and after drying 



TABLE 1 


Potassium and water changes iri stimulated muscles of adrenalectomized and normal 

control rats 


1 

2 

3 

4 

S 

6 

7 

8 

9 

10 

Rat 

Wt. 

Duration j 
of con- 1 
traction 

Tension 

time 

Average tension 

Muscle potassium 

Muscle water 

Resting 

1 K 

Stim. 

AK 

Resting 

HtO 

Stim. 

AH*0 


Control animals 



gms. 

min. 

gm.-min. 

gm. 

gm.jcm^. 

mil. 

mM. 

ml. 

ml. 

C-2 

94 

30 

772 

25.7 

40.4 

53.82 

-3.33 

350 

-13 

C-3 

100 

30 

1500 

50.0 

130.0 

52.29 

-6.56 

333 

-101 

C.4 

100 

30 

1068 

35.6 

92.6 

53.57 

-11.62 

340 

-68 

0-5 

100 

30 

1424 

47.4 

123.3 

47.48 

-6.51 

338 

-76 

A V 

98 

30 

U91 

39.7 

96.6 

51.79 

-7.01 

341 

-64 









Adrenalectomized animals 


10 

5 

22 

13 

16 

20 

12 

4 

19 

3 

11 

2 

66 

68 

66 

104 

98 

89 

96 

120 

85 

no 

84 

100 

0.68 

1.04 

1.20 

1.9 

2.4 

6.9 

30 

30 

30 

30 

30 

30 

120 

145 

131 

1 162 
178 

151 

317 

745 

250 

410 

461 

337 

4.0 

4.8 

4.4 

5.4 

5.9 

5.0 
10.6 
24.8 

8.3 

13.7 

15.4 
11.3 

16.8 

17.1 

11.3 
10.8 

9.3 

7.9 

21.0 

43.8 

13.1 

27.2 
27.1 

22.4 

54.75 

54.34 

53.66 

51.51 

54.16 

55:97 

52.71 

55.6 
53.8 

54.7 
53.4 

53.8 

-.13 

-.65 

-.01 

-.95 

-1.88 

-1.12 

-.40 

-.90 

-1.50 

-1.90 

-3.70 

-4.00 

352 
331 
355 
323 
330 
349 

329 
362 

330 
342 
344 

353 

-7 

-5 

-8 

-30 

-2cr 

-32 

-58 

-71 

-33 

-41 

-34 

-50 

Av 

100 

16.2 

284 

9.5 

19.0 

54.03 

-1.32 

337 

-34 

Normal adult rats (Heppel, 1940) 

47.45 

-7.35 


-39 

Normal rats (Fenn and Cobb, 1936) 

47.3 

-6.1 

318 

-49 


Data on individual rat experiments plus averages of results of other authors for purposes 


of comparison. 

Column (1) Rat number. 

Column (2) Weight of rat in grams. 

Column (3) Minutes of actual muscle contraction (in all cases, stimulation was con- 
tinued for 30 min.). 

Column (4) Average tension in grams for time of actual contraction times minutes of 
contraction. 

Column (6) Average tension in grams. 

Column (6) Average tension in grams divided by cross section of muscle in cm^. 

Column (7) mM of K per 100 grams dry weight of unstimulated muscle. 

Column (8) Difference in K content between stimulated and unstimulated muscles, 
expressed as mM K per 100 grains dry weight. 

Column (9) Water content of unstimulated muscle, expressed as cubic centimeters per 
100 grams dry weight. 

Column (10) Difference between water content of stimulated and unstimulated muscles, 
expressed as cubic centimeters per 100 grams dry weight. 
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to constant weight at 98®C., and analyzed in duplicate for potassium by the 
Shohl-Bennett method as modified by Fenn et al., 1938, 

Results and discussion. The detailed data for the control and adrenalec- 
tomized animals are shown in table 1 and the average K and H 2 O changes are 
compared with similar results of other authors. In the adrenalectomized ani~ 


AK AK 



Fiq. lA Fis.lB 

Fig. 1. A. Mass plot showing the relation between the K loss frona stimulated rat muscles 
and the tension-time exerted by the muscle. The coefficient of correlation is 0.78. 

B. Mass plot showing the relation between the K loss and the average tension per cm.* 
of cross section. The coefficient of correlation is 0.68. 

In both graphs each point represents an individual rat. Black dots represent control 
rats and the clear circles adrenalectomized animals. 

mals, the average loss of muscle K was only f of that of the controls (—1.32 as 
compared to —7.01 mM per 100 grams dry weight). However, the muscles 
also contracted less than normal as was expected from the work of Haslerud 
and Ingle (1935) . The amount of contraction was estimated from measurements 
of the tension time (mean tension in grams X duration of tetanus in min., 
table 1, column 4) and the average tension per cm.^ of cross section (table 1, 
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column 6), which gave values respectively | and j of the normal. According 
to these criteria, therefore, the loss of K is correlated with the amount of con- 
traction. This can be seen from figure 1 in which the loss of K in the individual 
rats is plotted against the corresponding tension-time in gram-minutes and 
against tension per unit of cross sectional area in grams per cm^. The co- 
efficients of correlation for these two lines are 0.78 and 0.58 respectively. Both 
control (black dots) and adrenalectomized (clear circles) animals are included. 
The resulting scatter of points is large, but is not inconsistent with the idea that 
the adrenalectomized rats lost as much K as could have been expected from the 
small amount of contraction of which the muscles of these animals were capable. 
The straight lines in figure 1, A and B, were fitted to the points by the method 
of least squares. 

The average H 2 O gain (table 1 , column 10) is within the range of the normal. 
This is to be expected, since Heppel (1940) has shown that the gain in water is 
maximal after five minutes of stimulation. Table 1 shows that in those rats 
whose muscles did not contract for five piinutes the gain in H 2 O was less than 
the normal. With this exception, however, the water gain in the adrenal- 
ectomized rats was normal, and, indeed, the average gain in water of all the 
adrenalectomized rats (34 cc.) did not differ significantly from the normal figure 
which varied from 13 to 101 cc. in 4 animals. 

The average K in mM per 100 grams dry weight of the unstimulated muscles 
of the experimental rats is 54.03 which is higher than the control rat values by 
3 to 6 mM per 100 grams. Nevertheless, they do not uphold the very high values 
obtained in adrenal-deficient rats by Buell and Turner (1941). 

SUMMARY 

Muscles of adrenal-deficient rats were found to lose potassium during indirect 
electrical stimulation. The loss of potassium was roughly proportional to the 
product of the tension developed and the time of maintenance of that tension 
in nainutes. 

Acknowledgments. The author is very grateful to Dr. AV. 0. Fenn for his un- 
tiring aid throughout the course of this investigation. 
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Beaxunont’s (1) observations on the time of evacuation of carbohydrates, 
fats proteins from the stomach of man appeared in 1833, and his results 
have been confirmed by numerous investigators using various methods. Can- 
non (2) made roent^n observations on cats and estimated the amount of gastric 
emptying from the length of the shadows in the intestine. McClure, Reynolds 
and Schwartz (3) mbced barium sulphate with foods and observed the passage 
fluoroscopicalljr in man. , • 

The emptying time of the gastrointestinal contents of rabbits after a four day 
fast was observed by Swirski (4) who weighed the contents. Using a similar 
technique, Carmichael (6) reported that a large dose of oleoresin of capsicum did 
not markedly affect the emptying of the rabbit’s stomach within 24 hours when 
the animal was not muzzled. 

The study reported here was planned to determine the amounts of the con- 
tents of the stomach, small intestine, cecum and colon of rabbits on a normal diet 
and of those that had fasted with and without a muzzle for different lengths of 

time. , 

Experimental. All animals were given a diet of alfalfa hay, oats and water 
at least a week before they were used. Green foods were ruled out of the diet 
ginftP these foods would have a tendency to cause a greater variation in the con- 
tents of the gastrointestinal tract because of the variability in the type and 
amount of such foods available to the animal at different times. Three series 
of young animals were run; 1, normal control animals ^weight range 1183 to 
2174 grams; 2, a^nimnlH that fasted without muzzles — weight range 1045 to 1806 
grams, and 3, animals that fasted with muzzles to prevent coprophagy which 
occurs normally in caged animals — weight range 1216 to 1885 gr^s. Water 
was present at all times for all animals in each series. The three series of expteri- 
ments include<i 22 normal controls, 7 animals that fasted without muzzles and 
35 animals that fasted with muzzles. 

The contents of each of the four sections of the G.I.T., i.e., stonxach, small 
intestine, cecum and colon, were removed as completely as possible, weighed 
and dried to constant weight at lOO^C. Since it was impossible to remove all 
of the contents from the sections by mechanical means, each section was washed 
out with distilled water and this water was evaporated and the residue also was 
dried at 100®G. The w«ght of the dry residue from the wash water was added 

* Aided by a research grant from the Umversity of Alabama. 
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to^hat of the respective contents which had been removed by mechanical means. 
For wet weight values of the contents that were washed off each of the four 
sections the dried residue was calculated for water content on the basis of the 
material that was removed mechanically, and that value was added to the wet 
weight of the respective contents. Table 1 presents the results of both the nor- 
mM and fasting animals. 

TABLE 1 


Contents of the GJ.T. of normal rabbits and of rabbits that had fasted either without a muzzle 

or with a muzzle 


m, m 

ANI- 

MALS 

LENGTH 
01 FAST 

Wt. OE 
AVEEAOE 
WT, 

AVERAGE WET WEIGHT CONTENTS 

AVERAGE DRY WEIGHT CONTENTS 

Stom- 

ach 

S, int. 

Cecum 1 

Colon 

Total 

Stom- 1 

ach 1 

S. int. 

1 1 

Cecum 

Colon 

Total 

i 

Controls 


days 

gm. 

gfn- 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

10 


1337 

88.95 

24.67 

80.69 

17.57 

211.88 

19.93 

2.47 

18.87 

4.76 

46.03 

6 


1731 

101.38 

24.98 

97.63 

24.39 

248.28 

21.88 

2.02 

20.95 

6.70 

61.55 

6 


2003 

121.82 

23.31 

100.62 

20.77 

266.52 

27.21 

2.5 

21.53 

6.26 

57.50 


Fasting without muzzle 


1 

1 

1503 

74.01 

24.80 

67.99 

7.72 

174.52 

15.77 

2.83 

12.83 

1.72 

33.15 

1 

2 

1045 

59.22 

11.54 

70.02 

12.28 

153.06 

11.70 

0.87 

14.80 

3.24 

30.61 

1 

3 

1175 

27.47 

24,43 

71.76 

7.08 

130.73 

5.92 

2.56 

16.18 

1.90 

26.56 

1 

4 

1195 

16.35 

18.26 

52,20 

12.82 

99.61 

3.13 

2.31 

13.13 

3.74 

22.31 

1 

5 

1187 

14.73 

15.46 

65.73 

9.07 

94.98 

2.84 

1.22 

13.90 

2.46 

20.41 

1 

6 

1655 

48.67 

10.41 

61,46 

12.83 

133.36 

9.93 

0.93 

15.40 

3.83 

30.09 

1 

7 

1806 

66.11 

8.59 

1 

53.27 

11.37 

139.34 

15.80 

0.85 

13.31 

3.81 

33.76 


Fasting with muzzle 


6 

1 

1584 

31.60 

19.95 

79.99 

8,57 

140.11 

3.64 

1.58 

15.42 

2.43 

23.07 

6 

2 

1442 

12.24 

15.76 

50.54 

4.79 

83.33 

0.78 

1.37 

9.89 

1.31 

13.35 

3 

3 

1573 

14.94 

24.01 

39.62 

1.97 

80.54 

0.60 

1.67 

6.40 

0.48 

9.15 

3 

4 

1479 

20.60 

17.02 

25,55 

2.69 

66.46 

1.32 

1.25 

4.78 

0.55 

7.90 

3 

6 

1535 

15.35 

15.71 

26.83 

2.00 

60.89 

1.45 

1.47 

4.74 

0.62 

8.28 

8 

6 

1444 

10.33' 

15.77 

27.00 

1,14 

54.24 

0.52 

1.19 

6.56 

0.36 

8.63 

3 

7 

1392 

5,81 

14.28 

29.10 

1.71 

50.90 

0.19 

1.22 

7.18 

0.53 

9.12 

2 

8 

1357 

12.68 

9.76 

32.37 

1.42 

56.23 

0.48 

0.79 

7.57 

0.19 

9.38 

2 

9 

1484 

7.83 

11.28 

28.85 

2.17 

50.13 

0.63 

1.09 

5.26 

0,40 

7.30 

2 

10 

1661 

7.10 

8.95 

23.19 

1.35 

40.59 

0.50 

0.69 

4.83 

0.28 

6.30 

2 

11 

1587 

15.60 

12.57 

14.34 

1.93 

44.44 

0.44 

0.98 

3.45 

0.44 

5.31 


In the normal control rabbits there was a gradual increase in the contents of 
the stomach and the cecum as the weight of the animal increased, while the con- 
tents of the small intestine and the colon were quite variable. However, both 
the wet and the dry weights of the G.I.T. contents as a whole increase mth the 
heavier animals. 

The results on the animals that were allowed to fast without muzzles illustrate 
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how the wet contents of the G.LT. was maintained at a higher levd than Ihg) 
corresponding contents from animals that fasted with a muzzle for the same 
length of time. This also holds if we consider the total weight of the diy con- 
tents of the G.I.T. In other words, we have what has been termed as a circula- 
tion of the feces in rabbits fasting without a muzzle as well as in normal animals. 

The dry contents of the gastrointestinal tract of the six nauzzled animals de- 
creased about 50 per cent during the first 24 hours of the fast when we compare 
the values with those of the normal controls. After 48 hours’ fasting, the dry 
contents showed a decrease of about 50 per cent from the 24 hour value. The 
decrease in dry contents during the next 24 hours was less marked, but it c<m- 
tinued fairly gradually untU on the eleventh day of the fast when the residue was 
about equivalent to 10 per cent of the values of the normal controls. 

The wet stomach contents varied over a wide range because some of the ani- 
mals took water just previously to the time that they were killed. The total 
weight of the stomach contents has been given here, but actually the liquid part 
was weighed separately in many instances. Sometimes the solid material con- 
sisted only of a mat of hair, and in other cases there was a small amount of food 
particles on the mucosa of the stomach and in the mat of hair. The dry weights 
of the stomach contents were more constant than the wet weights, since the latter 
were often altered by the recent drinking of water. 

It has been stated that in most vertebrates the stomach functions both as a 
digestive organ and as a reservoir. This seems to be true also in the case of the 
cecum since in normal animals it contains almost as much material as the stom- 
ach. In the case of the animals that had fasted with a muzzle 24 to 240 hours 
the average weights of the contents of the ceca were consistently greater than 
those of the stomachs of the same group, even though the animals may have 

drunk water just before being killed. ... 

The physiology of secretion exhibited in the small intestine of fasting anunals 
is of especial interest since the secretion of the glands continued after the stomach 
was free from visible solid foods. The contents of the small intestine of the^ con- 
trol was a viscous mucus which incorporated small amounts of visible 

food particles. The contents of the small intestine of the fasted animals with a 
muzzle was less than that in the controls, and following a fast of two or more dasra 
there were fewer visible food particles than in the controls, but the viscosity and 
general appearance of the contents were about the same as that for the controls. 

The maviTniim and minimum weights of the secretion of the small intestine 
for individual animals of each series of experiments are given for both the wet 
and dry contents (table 2). The average values for both wet and dry contents 
are given for each series. The fasting animals had aboyt 65 per cent as much 
wet contents as the controls but those that fasted with a muzzle had only about 

55 per cent as much dry contents as the controls. ^ 

The TT'a-ifimnm and minimum per cents of dry contents for individual animals 
of each series are also presented and these values are of about the same order in 
all three series. These results seem to indieate that the small intestine of either 
normal or fasting rabbits yields a secretion that has about the same per cent of 
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sdild However, the average per cent of dry matter is slightly less in 

the of the animals that fasted with a muzzle than it was in the controls. 

Sliiisrid (4) used a diet of oats, clover and bread for his rabbits, and liis animals 
that listed with a muzzle had much less dry G.I.T. contents from the 4th day to 
the 8th day than our animals for the same period. His values were lower on the 
4th diy of the fast than our values were on the 10th day. Tliis may have been 
due to the type of diet that he used. The diet that we employed could be used 
in any season in most countries. 

We believe that rabbits that have fasted with a muzzle for 24 to 48 hours would 
give much more constant results following oral administration of drugs than well 
fed aliimals, since the latter normally contain such large quantities of fresh food 
in addition to a good quantity of feces. 

TABLE 2 


Studies on the contents of the secretion of the small intestine of normal and fasted animals 




WET CONTENTS OF SMALL 
INTESTINE 


DRY CONTENTS OF SMALL INTESTINE 


SSXIES 

NO. OF 
ANIMALS 

— 

Individual 

animals 

Average 

wt. 

for 

Individual 

animals 

Average 
wt. for 
series 

Per cent for 
individual 
animals 

Average 
per cent 
for series 



Max. 

Min. 

series 

Max. 

Min. 

Max. 

Min. 

Controls 

22 

gm. 

39.78 

gm. 

8.87 

gm. 

24.38 

gm. 

3.9 

gm. 

1.04 

gm. 

2.35 

gm. 

13.93 

gm. 

5.9 

per cent 

9.65 

Fasting without 
muzzle 

7 

24.80 

8.59 

16.07 

2.83 

0.85 

1.65 

12.65 

7.24 

10.26 

Fasting with 
muzzle 

35 

29.17 

6.5 

16.16 

2.23 

0.61 

1.30 

13.37 

5.13 

8.03 


SUMMARY 

1. Twenty-two normal rabbits w^ere sacrificed and the contents of their stom- 
achs, small intestines, ceca and colons w^ere removed, w^eighed and dried to 
constant weight at 100°C. 

2. Seven rabbits w^ere allowed to fast without muzzles and the contents of 
their gastrointestinal tracts were weighed and dried at 100°C. 

3. Thirty-five rabbits were fasted with muzzles from one to eleven days and 
the contents of their G.I.T. w^ere w^eighed and dried at 100°C. 

•4. The stomach contents dropped to about 50 per cent of the normal wdthin 
24 hours after the fast started. Within a few days, the stomach contents con- 
sisted either of a very small quantity of food particles, water and a mat of hair, 
or only the latter tw^o. 

5. The contents of the small intestine decreased as the fast continued, but the 
viscosity and general appearance of the contents seemed to be fairly constant 
except that the suspended particles became less as the fast lengthened. The 
dry residue of the intestinal contents from the animals that fasted with a muzzle 
was about the same per cent of the total wet weights as the residues were for the 
control animals. 
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6. The cecum continued to act as a reservoir for food materials He 
stomach had been emptied of visible solid foods. 

7. The contents of the colon decreased rather rapidly for the first two days of a 
fast with a muzzle. The dry content of the colon was fairly constant from the 
third to the eleventh day of the fast. 

8. In studying the physiological effects in the rabbit of orally administered 
drugs, more constant results should be obtained if the animal is allowed to fast 
with a muzzle 24 to 48 hours before the drug is given. 
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Gamble (1937), Stewart and Rourke (1942) and others have shown that the 
quantity of water lost in a diuresis due to water excess may be greater than the 
quantity taken in. Generally the lost excess is believed to be related to the 
amount of salt which escapes from the body during water diuresis. The present 
work is a study of this dehydrating effect in man. 

PROCEOnKES. Ten young subjects (nine men and one woman) whose average 
weight was 67 kgm. were used. One to one and a half hours post-prandially 
the bladder was emptied, the urine discarded, and a fixed amount of water was 
drunk every ten minutes. Every half-hour thereafter urine was collected. An 
aliquot was analysed for chloride and its concentration expressed as mgm./cc. 
of NaO. With the subject at rest or engaged in minimal activity, the drinking 
continued for periods of either 3 or 7 hours, at rates ranging from 20 to 200 cc. 
per ten minute period (expressed as 2 to 20 cc./min., respectively). The con- 
ditions were not conducive to sweating. There was no ingestion other than 
water. 

Results. Figure 1 shows the average of the ratios of urinary output rate to 
intake rate during 7 hours. Intake rates varied from 6 to 10 cc./min. from ex- 
periment to experiment. Even in the presence of normal insensible loss, the 
urinary output was sustained at a greater level than the intake. Figure 2 indi- 
cates for the same experiments, the average urinary chloride concentration and 
the average excretion rate of chloride, as they varied with time. A steady state 
seems to have been reached from about the third hour. In figure 3 concentra- 
tion and excretion rate are shown as a function of the rate of intake. By the 
7th hour tbe intakes from 6 to 10 cc./min. had the same effect on the final urinary 
chloride concentration; and for this reason these experiments were combined 
for figure 1. 

Figure 4 shows the net load of water at the 7th hour had no clear relation to the 
rate of intake. The loads were predominantly negative and in more prolonged 
experiments they should become more decisively negative if the output were 
ra^htgined at a higher level than the intake. 

biSCUSBiON. The demonstrated dehydrating effect of water may be ex- 
amined quantitatively. Prior to this the concept of threshold concentrations 
raqtiirefi definition. Two distinct viewpoints are held. 

The finst has been discussed by Cushny (1926), Aitken (1929), MacE^y and 
MacKay (1936), and by Hare, Hare and Phillips (1943). It holds that if a 

» Tlii» wprk was aided by a grant from the Winthrop Chemical Co. 
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t hrofi linlH coDicentration is to be established there should be a plarana coiweato- 
tion of the substance in question above which the substance will frankly 



Fig. 1 ' Fig. 2 

Fig. 1. Average of actual ratios of urine output rate, u, to water intake rate, i, obtained 
in 3 and 7 hour experiments combined. Average of 26 experiments for each immt for firet 
three hours ; 12 experiments for other points. Intake rates include 6, 7, 8, 9 and 10 cc./min. 
The theoretical values (black dots) from equation (3) are corrected by 
sensible loss, w, of 0.7 cc./min. Theoretically the total fluid output should be 25 per cent 

greater than the intake when Uci - 1.2. ^ e //“Fn n 

Fig. 2. Average urinary Cl concentration (Uci) and average excretion rate of U {{uUJCV 
varying with time. Averages for first three hours are from 22 to 24 experiments ; 12 expen- 
ments for other points. Urinary Cl concentration reaches a minimum of 1.2 mgm./cc. by 
the third hour. 
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Fig. 3 ^^2* ^ 

FiK. 3. Average urinary a concentration (l7ci) and average excretion rate of Cl ((«P)ci) 
at 7th hour, related to intake rate. Values at intake rates of 2, 4, 5, 6, 7^8, 9 and 10 cc./min. 
are averaged from 1, 2, 1, 2, 2, 3, 2 and 4 experimente respectively. 

Fig 4 The net or sensible load was obtained when 294 was subtracted from the differ^ce 
between’fluid intake and output at the end of the 7th hour, to correct for the assumed in- 
sensible loss of 0.7 cc./min., i.e., 0.7 (420) “ 294. 


in the urine, and below which the urinary excretion of the substanee is sharply 

The studies of Smith (1943) and his associates, aad others, indicated that this 
threshold concentration may not be a critical value, but may be rather, as in the 
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^ll© 0 »©, II ra*ige, in the lower parts of which the reabsorptive capacity of 

tuhntes becoipaes saturated before that of others, resulting in the initial 
^^spUing” of ghiepae. Since the difference between the rate of loading of the 
tubules with glucose from the glomeruli, and the actual rate of excretion of glu- 
cose by the kidney is taken to represent the rate of reabsorption by the tubules, 
a fate of reabsorptive transfer of glucose by the tubules, which is desig- 

nated Tm, can be correlated with a threshold concentration. Smith (1937), 
8^ Hare, and Phillips (1943) observe that chloride has no ascertainable 
Tm. Thp tubules when presented with increased loads of chloride not only 
reabsc^b more chloride but they ^^spill’^ more into the urine. And the absence of 
a Tm for chloride has been correlated with the absence of a threshold. At widely 
var 3 dng plasma levels, chloride may frankly be found in the urine. 

The second concept of threshold concentration has been discussed by Rehberg 
(1926), Conway and Kane (1929), Wolf (1943), and Dillon (1943). The latter 
author stresses the difference between these two concepts as follows. ‘‘Some 
confusion has crept in between the threshold of appearance and the much more 
important point of plasma concentration, above which chloride is concentrated 
in the urine at all rates of urine secretion.’’ The two concepts can be distin- 
guished by specific terms such as threshold of appearance for the former, and 
threshold of retention for the latter. The latter has, for some substances such as 
chloride, the same value as the normal plasma concentration. With minimal 
extra-renal water loss, the threshold of retention may be defined in terms of the 
relative urinary retention of chloride to water. A man taking a solution whose 
concentration is super-threshold, excretes a urine of super-threshold concentra- 
tion. A sub-threshold solution results in the excretion of urine of sub-threshold 
concentration. The threshold of retention, unlike the threshold of appearance, 
is a critical value easily determined in dog (Wolf, 1943) or man. In the dog it is 
6 mgm./cc. for chloride. Infusion of a solution of 4 mgm./cc. chloride is fol- 
lowed by the formation of a still more dilute urine; infusion of a solution of 8 
mgm./cc. chloride is followed by the excretion of a more concentrated urine ; 
but infusion of a solution of 6 mgm./cc. chloride will produce urine of equal 
chloride concentration. 

The theory of the steady state, A liter of water loaded on a man makes his 
water load positive. When the liter is excreted and he regains his original water 
content, his salt load is negative due to the loss of salt colligated with water. 
If the Wdneys are to keep the plasma concentration constant, one method of 
succeeding would be to excrete additional water and reconcentrate the diluted 
plasma. Even the removal into the urine of salt solution, provided it be more 
dilute thim the plasma, would accomplish this end. 

By the third hour in these experiments, the urinary fluid output settled to an 
essentiaJly steady value, greater than the intake. One hypothesizes that during 
a steady state of water intake, the excess of water loss above intake should be 
related to the quantity of salt lost. In a steady state the rate of excretion of 
salt per excess of fluid output over intake should be equal to the normal plasma 
concentration of chloride (i.e., equal to the threshold of retention) since only by 
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removing from plasma a solution of concentration equal to that the 
itself, can we leave the plasma with the same concentration. The th^h^d 
of retention in both man and dog is approximately 6 mgm./cc. trf <®h»iae 
BO that neglecting extra-renal water loss, 

( 1 ) 

« — t 

where u and i are the number of cc./min. of urine flow and of intake, res^c- 

tively; U is the concentration of chloride in the urine expressed in 

and A T is the threshold of retention in mgm./cc. From (1) by transposition we 

get 

^ ss ^ gg. (2)* 

i 6 — TJxji ”” Uc\ 




Fig. 6. The theoretical ratio of fluid output to intake rate for given “leakage” concen- 
trations of urinary Cl. 

From (2) if we know the concentration of urinary chloride we can calculate 
the ratio of output to intake when the steady state has been attained. By using 
the average values for urinary chloride from figure 2, the theoretical u/t values 
were obtained for figure 1 . The theoretical values, corrected for insensible loss, 
show noteworthy agreement with the actual values after the third hour. The 
actual urinary fluid output is about 8 per cent greater than the intake and the 
total output including insensible loss, is possibly 15 per cent to 25 per cent 
greater. The^ experiments add further support to the thesis that the kidneys 
regulate concentration first ; the maintainance of volume is second^. 

From equation (2) it is apparent that if no chloride “leaked” (f.e., Uci ■“ 0)> 
then u/i wdcid be unity. The greater the leakage concentration, tte greatCT 
the ritio would be if the kidney is to maintain chloriiie homeostasis (% 6). 

» To correct for insensible loss, w, in cc./min., relate the excretion of chloride to (« + 
w — i) and obtain 


6 — Uci 




u 

i 


( 8 ) 
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The use of the steady state equation (1) or (2) can be qualified. “Steady 
state’ ' does not imply “equilibrium”. Intake may be steady but the output 
may or may not be so and in any case may be different from the intake. Pre- 
sumably physiological regulations are steady. The loads are not. For very 
short durations, or for minimal rates of intake, the physiological state may not 
attain a steady state. The equation of steady state is useless for very high rates 
of intake (over 10 cc./min. in a few experiments) as the water output may not 
only fail to exceed the intake but may drop below it, the water load increasing 
rapidly. The equation is adapted to computation where average values of 
diuretic urinary chloride are used, since small individual variations in U may have 
large effects on a calculated u/i value. The equation can only be used properly 
for those substances which have a threshold of retention, i.e., whose plasma levels 
can be raised or lowered by renal regulation alone. Presumably chloride and 
sodium fit this category, perhaps potassium.® 

CONCLUSIONS 

1. A steady state of water intake under the conditions of these experiments on 
man results in a total output of fluid, larger than the intake, and if continued, 
leads to the production of negative water loads. The urinary output alone was 
8 per cent greater than the intake rate. 

2. The ratio of rate of chloride excretion to rate of excess water excretion is 
equal to the normal plasma concentration in the steady state, and the equation 
of steady state is derived. 

3. The threshold of appearance and the threshold of retention are defined and 
are illustrated for chloride. 

4. In renal excretion, the regulation of concentration of plasma chloride takes 
precedence over the regulation of body volume, when water is drunk. 
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* Under suitable conditions it is possible to estimate either the insensible loss or the 
threshold from the other factors as 


and 


w 


t — u -f 


uUci 

At 


At ■■ 


uU 


(4) 


w — i + If? 


(5) 



THE RETENTION AND EXCEETION OF CONTINUOHBliY 
ADMINISTERED SALT SOLUTIONS* 

A. V, WOLF 

From the Department of PhysMogy and Pharmacology, Albany Medical College, Un^ 

University, Albany , N . Y. 

Received for publication December 2, 1944 

The accepted interpretation of the retention of certain administered salipe 
solutions is inadequate in several particulars. First, the belief that physio- 
logical saline resembles so closely the normal plasma that it prov^ra no extra 
activity is untenable if we examine the activity of the kidney a suftoently long 
time after the onset of infusion when equilibrium is approached. Stewart and 
Rourke (1942) show how continuous infusions of 0.9 per cent NaCl aftersevem 
days become markedly diuretic and the initial increasing tide of water lo^ w 
turned; output can then exceed intake rates. And it is demonstrate (Wolf, 
1943) that the kidneys react just as quickly and critically to physiological salme 

as to water in modifying urinary concentration. * isi r>i 

Second, it is unlikely that solutions such as 0.9 per cent to 1.3 per cent JNaUl 
are retained in the tissues by virtue of the “osmotic” binding of the water to 
the salt since Wolf (1943) showed that infusions ranging from 0.6 per cent to 
1 7 per cent NaCl result in the more rapid excretion of chlonde than of water. 
Such saline is, at least with respect to chloride, super-threshold, and is (Muted 
in the body as a result of the excretion of urine more highly concentrated, than 

the intake fluid. _ , • x .n. 

Third, the concept of the pre-renal deviation of saline into the tissues and 

away from the kidneys is an a posteriori argument, unsuitable iii view of all facts. 

Fourth, water retention cannot always be based on the activity of Na or some 
other particular ion. NaCl and NaHCOa may be edema forming (under pre- 
equilibrium conditions or for certain intake concentrations) at some times but 
not at others (Stewart and Rourke, 1942). It is easy to point to substanc^ 
like NagSOi or KCl which so readily leave the body with water, if we wish to 
absolve of guilt either the Na or the Cl as an individual. The pr^nt expen- 
ments grew out of previous work (Wolf, 1943) in an attempt to extend to man the 
information obtained on the relative retention of salt to water in the dog. 

Peocedtjebs. Steady rates of ingestion erf salt solutions of vanews conc^ 
trations were maintained in experiments of 3 hours’ duration in 3^bject8 at rej 
or engaged ift minimal activity. Every 10 minutes 100 cc. of flmd 
(expresi^'as 10 cc./min.). Every half hour urine was collec^, excejpt for the 
conteaits of the bladder which were discarded at the beginning of the exj^- 
ment An aliquot was ^alysed for chloride and its concentration expres^ m 
of NaCl per cubic centimeter. The condition were not conducive 
to sweating. There was no ingestion other-than the experimental fluid. 

^ TMb work was aided by a grant from the Winthrop Chemical Co. 
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Kesults. Mgure 1 shows the actual average ratio of rate of urinary fluid 
output to intake at the end of the third hour in man, for different concentrations 
of chloride in the intake fluid. With concentrations over 10 mgm./cc. of NaCl, 
diarrhea tended to set in by the end of 3 hours and large volumes of fluid were in 
the gut in these cases. Figure 2 for the same experiments shows the average 
urinary concentration at the third hour related to intake concentration. Figure 
3 shows scnne ratios of fluid output to intake in the dog resulting from intrave- 
nous administration of fluid (computed from Wolf, 1943). 

Discussion. The theory and equation of the steady state (Wolf, 1945) 
are probably special aspects of a more general theory. They described the be- 
havior of administered water which is the case of an intake concentration of 



Fig. 1. The points representing actual average u/i (urinary output rate, u, divided by 
intake rate, i) are derived from 49 experiments in man over the entire range of intake con- 
centrations (to / =* 19 mgm./cc.). The theoretical u/i values (equation (3)), based on the 
average urinary concentrations from figure 2, are corrected for an assumed insensible loss, 
Wf of 0.7 cc./min. The value (7 — 6 )/ (U — 6) from the equation cannot be determined as 7 
and U approach 6, so interrupted lines are extrapolated on the theoretical curve to corre- 
spond to figure 3. There is no other justification for such extrapolation. 

Fig. 2. Average urinary chloride concentration (Uci) at the end of the third hour. The 
points represent averages of a total of 49 experiments in man. When U — I, the solutions 
are isorrheic, at the minimal (MIC), non-limiting (NLIC), and limiting (LIC) isorrheic 
concentrations. 

zero. If the kidneys are to maintain plasma chloride concentration during a 
steady state of intake of chloride as well as water, the ratio of chloride excreted 
in excess of chloride taken in, per fluid excreted over intake, should equal the 
normal plasma concentration or the threshold of retention, i.e., uncorrected for 
insensible loss 


uU — t/ . - — uU 

= = 6 = — ; 

u i t — w 


( 1 ) 


where u and i are respectively the cc./min. of urinary output and of intake; U 
and I are respectively the concentrations of urine and of intake fluid in mgm. 
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NaQ/cc., and A r is the threshold of retentic® in mgm./cc.; % traaspoA^GH 
of equation (1) 

« 6 — !_/— 6 _ I — At (2) 

J-Qiru""u-6U-Ar 

From equation (2), whenever a steady state is obtained, the j^tio fluid qqt- 
put to intake at a given time should depend on the concentration of the ^t^ 
and the urinary concentration at that given time. Without coiTCCfa^ for m- 
sensible loss, u/i will attmn unity when / is 1.4 mgm./cc. since If will become 

equal to the same value as I (fig. 2).** . . , . ^ xv „ „ 

Figure 2 shows two other values of I which are cntical m thftt tl»y are^the 
only other ones which may be administered without resulting in the relative 
retention of chloride to water or water to chloride, since the unnwy ooncentea- 
tion quickly equalizes to that of the intake. In the dog, 6 an naj^. c<^ 
were called isorrheic concentrations by Wolf (1943), the former, the non-hflutog 
isorrheic concentration (NLIC) or threshold, and the latter, the l^mg isorrheic 
concentration (LI,C)- In man these values are here determiMd to be approxi- 
mately the same as in the dog. In addition, a minimal isorrheic concentrafaon 
(MIG) of approximately 1.4 mgm./cc. was determmed, the lowest concentration 
of fluid which can be administered without leading to relative mte^on of water 
to salt or salt to water from the intake fluid. Coon, Noojin and Heiffer (1941) 
from a different type of experiment, estimated the latter concentoation to be 
about 2 mgm./cc. Actually any concentration of intake between the MIG and 
the Lie should result in only temporary retention of salt or water relative to 
the other. Stewart and Rourke (1942) proved it for 0.9 per cent NaCl. . 

Figure 4 shows another way of determining isorrheic concentrations m man by 
the use of the velocity constant of excretion, y, i.e., the ratio of rate of excretaon 
(mgm. or cc./min.) to load (mgm. or cc.) retained at a given time. When the 
ratio of the velocity constant of water to that of chloride is umty, it meam ^t 
the rate of excretion of water is relatively equal to the rate of excrelaon of chlo- 
ride, or that their relative retentions are equal. However, in experiments of 

short duration, the method of figure 2 pves more accurate residts. 

Figure 2 shows that in the range of 6 to 17 mgm./ cc. of intake concentratiOM, 
urinary chlonde exceeds intake chloride. From equation (2) we see that so 
long as that is true, u/i wUl be less than 1. Chloride is being thrown away rela- 
tive to water to, transform the administered and retamed fluid to the thr^«M 
(normal plasma) concentration. Water, in other words, is bmg retwned re^ 
tive to chloride to the same end and the apparent diuretic activity of «i6h«olu- 
tions (particularly in the range 6 to 12 mgm./cc. for mtiavenous M 

initially veiy small. However, given time, the retained ^d <»n ultml8^ be 
transformed to one of normal plasma concentration, the need for relative re- 

* Correction for insensible loss, in cc./min. is given by 
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ijeDtiw of water abates, the urinary chloride falls to the intake concentration 
(Stewart and Rourke, 1942), and the output and intake rates approach equality. 

In figure 3, for the dog, the theoretical uji values calculated from the general 
steady state equation and corrected for the measured insensible loss, agree 
roughly with the actual values through the range J = 0 to 7 = 17. There is no 
theoretical justification for the equation at values of I greater than the limiting 
isorrheic concentration. However, in figure 1, where the intake was oral and 
not intravenous, the deviation of theoretical and actual values increases as I 
becomes larger, although the theoretical curve resembles that for the intravenous 
data of the dog. Perhaps the greatest part of the discrepancy in figure 1 is a 
function of the aberrations of absorption, which were especially marked by the 



Fig. 3. Ratio of fluid output rate, w, to intake rate, with intravenous infusion in the 
dog. Data of Wolf (1943) . Theoretical values are corrected for the known insensible loss. 
Each point represents one experiment. Intake rate was 2.3 cc./min. There is no theoret- 
ical justification for the extrapolation above / « 17. 

^HjO 

Fig. 4. The ratio of velocity constants of water and chloride, , in relation to intake 

concentrations, 7, at the third hour in man. The determination of the isorrheic concentra- 
tions by this method is not so accurate with experiments of such short duration as these, 
as compared with the method of figure 2. Thus given more time, the points, particularly 
at / » 3.0 and / « 1.5 could be expected to shift, moving the MIC toward 1.4 mgm./cc. 
IJncorrected for insensible loss. 

diarrhea following ingestions of solutions stronger than 10 mgm./cc. Coon, 
Noojin and Pfeiffer (1941) report that ingestion of 4 litei’s of even 5 mgm. NaCl/ 
cc. in 90 minutes caused diarrhea. This is evidence of absorption characteristics 
of the gut even at lower intake concentrations which lead to differences between 
the consequences of oral and intravenous administration. Intravenous studies 
in man should clarify the nature of the discrepancy between theoretical and 
actual values. 

In man, with negligible extra-renal water loss, the LIC of 17 mgm./cc. is the 
highest concentration of administered fluid which can be tolerated without rela- 
tive retention of chloride to water, and is thus a critical physiological value. It 
differs widely from the “maximaP’ urinary concentration (where chloride is 
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retained relative to water) of the order of 21 mgm./cc. found' by 
The Lie is useful in analysis of the ph 3 rsiological difficulties thedlin^ 

ing of strongly hypertonic solutions like sea-water, but it should be lem^abered 
that such ingestions create more than renal problems, sinefe the gut deflects 

fluid in diarrhea. , ^ r • 

The leakage of chloride. From equation (2), for water dnfllQng, When i is 
zero and If is 1 .2 mgm./cc. in the steady state, then with A t eqihd too mgm./cc., 
we find that u/i is 1 .25. The latter might be regarded in a sense as a 
which should satisfy the equation for other thresholds than chlwide. Thus for 
water drinking 



and 

U = 0.2At ( 5 ) 

This implies that the “leakage” concentration of any substance handled li^ 
chloride by the kidney with respect to regulation of plasma concentration should 
amount to | of the normal plasma concentration; or that the threshold of reten- 
tion is 5 times the concentration found in steady state diuretic urine. However, 
for any ©ven individual, the u/i may not be 1.25, U may not be 1.2 (some of the 
present experiments showed individual values of 0.4), and indeed, the formula 
even when corrected for extra-renal loss has not been soundly established. 

The variable threshold. From equation (1) we can compute the threshold <rf 
retention especially when the intake concentration is zero. If such a method 
were used rather than the method of velocity constants, we should findindividual 
determinations var 3 dng widely from one time to another in the course of a smgle 

experiment. Some of this is systematic and accidental error. But it is not ami^ 
to regard the threshold as a fluctuating value deviating from a mean; there is 
little reason to believe that a threshold is any more constant than any other 
physiological variable. The apparent constancy of the normal plasma concen- 
tration which is synonymous with the mean threshold is perhap cmly a mani- 
festation of the inertia of the ponderous electrolyte system which is unaWe to 
respond to the caprices of the oscillating threshold. DiUon (1943) used the con- 
cept of a variable threshold of chloride in the interpretation of the diuretic ac- 
tivity of mercury ions, pituitrin, Na«S04, etc. The effect of thpe substances on 
the threshold of chloride is taken by him as a basis of tto action. 

The retentim of water from administered saline solviions. The administration 
of physiological saline is rarely continued (or advisable) for sufficient duratemi 
to attain isorrheic equilibrium. For solutions of NaQ in the range fr<mi 0.6 
per cent to 1 .2 per cent particularly, the rate of excretion of chloride per unit 
is initially very small. However small thia._velocity constant may be, the kid- 
neys excrete water per unit load of water at a stilj slower rate (i.e., to retain it 
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relative to chloride) so as to transform the retained chloride to 0.6 per cent. 
Thus salines in the physiological range initially have the lowest excretion rates 
of water per unit load of fluid, and are the most edema-forming per unit volume 
administered. Solutions much less concentrated have higher velocity constants 
for water and can in many instances relieve dehydration mth less risk of over- 
loading body fluid compartments, when kidney activity is unimpaired. Solu- 
tions stronger than 0.2 per cent are unlikely to deplete the body of chloride or 
sodium; and solutions weaker than 0.4 per cent can be fortified osmotically 
with glucose for intravenous infusion. 

Solutions of concentration less than the minimal isorrheic of 1.4 mgm./cc. 
tend to remove from the body an excess of fluid whose virtual concentration is 6 
mgm./cc. In this light, the recommendations of Schroeder (1941) and Schemm 
(1944) on restricting salt alone rather than both salt and water for the relief of 
cardiac edema, appear physiologically rational. 

Steady state, isorrhea, equilibrium. The ''steady state” refers to constancy of 
intake rate which may be imposed as accurately as we please. Its significance 
may be limited to those rates of intake in which physiological adjustments can 
be made to enable the organism to get along with minimal disturbances of body 
fluid concentrations. When the concentration of such intake permits of no rela- 
tive retention of solute to water, the concentrations of intake and of urine are 
isorrheic. Isorrheic solutioas in steady intake ultimately reach equilibrium or 
equality of intake rate and output rate of solute and water; characteristically, 
concentration equality is established first. Solutions other than the MIC, 
NLIC, and LIC, except those of lower concentration than the MIC or higher 
than the LIC, will ultimately attain isorrhea but probably reach equality (intake- 
output) of concentrations and rates of exchange simultaneously. 

CONCLUSIONS 

1. The threshold of retention of cliloride in man (expressed as NaCl) is ap- 
proximately 6 mgm./cc. Two other critical concentrations were determined 
at which neither chloride nor water is retained relative to the other from adminis- 
tered solutions. The lower, the minimal isorrheic concentration, is 1 .4 mgm./ cc. 
The higher, the limiting isorrheic concentration is 17 mgm./cc. 

2. The initial fluid retention follomng administration of physiological and 
slightly stronger saline solutions is shown to be primarily a retention of water 
and not of salt. 

3. For intravenous infusions of NaCl solutions, the ratio of fluid output rate 
to intake rate may be estimated from a theoretically derived equation of steady 
state. 

4. For chloride and probably certain other substances there is reason to be- 
lieve that the "leakage” concentration in urine forming under steady state water 
intake may be approximately J of its normal plasma concentration (uncorrected 
for extra-renal loss). 

5. The threshold of retention of these substances may not be a fixed value 
even in the normal state, but may fluctuate about a mean. 
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It has been recognized for many years that hemorrhage causes changes in 
carbohydrate metabolism. Recently, Russel, Long, and Engel (1944) reported 
that hemorrhage hastened the fall in the blood glucose level of eviscerated starved 
rats. The authors concluded that hemorrhage produced an increased peripheral 
utilization of glucose. Govier (1943) found that blood loss in the dog is followed 
by an increase in the lactate and keto acids. This author associated the increase 
in these acid metabolites with a deficiency of cocarboxylase following hemorrhage. 
It is possible that the change in utilization of glucose suggested by Russel, Long, 
and Engel may be correlated with the increase in the concentrations of lactate 
and pyruvate found by Govier. The purpose of the present investigation is to 
determine, by means of simultaneous arterial and venous samples, whether or not 
hemorrhage is followed by changes in the magnitude of the peripheral glucose 
utilization and the lactate production of dogs. The effect of hemorrhage upon 
the blood pyruvate level and the lactate/pyruvate (L/P) ratio was also studied. 

Method. Dogs weighing 9 to 20 kilos, which had been fasted 18 to 24 hours 
previous to the experiment were used. Various degrees of hemorrhagic shock 
were produced by Walcott’s method (1944). According to his terminology, the 
bleeding volume is considered to be a 100 per cent hemorrhage. Hemorrhages 
of varying degrees of severity can then be defined by the fraction of the bleeding 
volume which is returned. Thus, if 25 per cent of the bleeding volume is re- 
turned the animal is said to have undergone a 75 per cent hemorrhage. 

All the analyses were done on whole blood. The Somogyi modification (1926) 
of the Shaffer-Hartman method was used for the determination of blood sugar. 
The non-fermentable fraction was determined in the blood of 10 dogs before and 
at hourly intervals after hemorrhage until death occurred. Hemorrhage had no 
effect on the average control value of the non-fermentable fraction, which has a 
reducing value equivalent to 27 mgm. per cent of glucose. It is interesting to 
note that this average value is the same as that found under most conditions in 
man (Somogyi, 1927). Since the non-fermentable fraction was not altered by 
hemorrhage, 27 mgm. per cent were subtracted from all the glucose figures. 

^ This work was done partly under a contract, recommended by the Committee on Medi- 
cal Research, between the Office of Scientific Research and Development and Columbia 
University. 

* Submitted in partial fulfillment of the requirements for the degree of Doctor of Philoso- 
phy, in the Faculty of Pure Science, Columbia University. * 
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Lactates were determined by the Friedman-Graeser method (1^33). 

were estimated by means of a wedge photometer, usmg Buedmg s (IW) 

fication of Lu’s method (1939) . AU blood samples were drawn in synngw (F^ 

man and Hangen, 1942) moistened with “Liquaemin.”* 

were to be analyzed for lactate and glucose were taken m 1 

tuberculin syringes, and the proteins were immediately precipitated 

tungstate. The samples upon which pyruvate was determined were 

in 2 cc. caUbrated syringes and the proteins were precipitated at once with tn- 

^^he^relativf reduction in the amount of blood flowing through 
vein after a 75 per cent hemorrhage was measured in 4 dogs . 

was heparinized in dosages as recommended by Solandt and Best (19^. _ A 
cannula was inserted into a superficial branch of the femoral vein until P 


TABLE 1 


Blood lactate and pyruvate concentrations before and after slight (60 /c) , moderate (6S%) 

and severe {76%) hetfiorrhage 





CONTROL 

1 HOUR AFTER HEMORRHAGE 

4 HOURS AFTER HEMORRHAGE 



Lac- 

tate 

Pyru- 

vate 

L/P 

Lac- 

tate 


L/P 

lACtate 

Pyru- 

vate 

L/P 



mgnt. % 

% 


mgm. % 

mgfn. % 


mgm. % 

mgm. % 


50% hemorrhage, 
age 6 dogs 

aver- 

11.7 

1.7* 

6.9 

18.2 



15.3 

2.4* 

6.3 

63% hemorrhage, 
age 6 dogs 

aver- 

10.5 

1.5 

6.9 

36.1 

6.3 

6.6 

42.2 

4.0 

10.6 

75% hemorrhage, 

lac- 










tates on 26 dogs, 
vates on 20 dogs 

pyru- 

13.1 

1.9 

8.4 

66.8 

4.7t 

14. Ot 

116. 6t 

4.7t 

23. 6t 


* These values were obtained on 2 dogs, 
t These data obtained on a series of 5 dogs, 
t These were terminal samples. 


reached the main vein. The femoral vein could be clamped 

blood from it collected for a measured period of time. It is recognized that th 

nrocedure measures only the relative variations in blood flow. 

^ Results. The control blood lactate usually varied from 4 to 20 mgm. per 
In one instance it was as high as 40 mgm. per cent. The blood ^ 

control determinations ranged between 0.8 and 2.4 mgim per cent. Control 
values of 3 to 10 were found for the lactate/pyruvate (L/P) ra,tio 
The effects of a 50 per cent hemorrhage (returning 50 per cent of the 
volume), a 63 per cent hemorrhage (returning 37 per cent o^ the bleeding volum ), 

aiida75percenthemorrhage (returning 25 per cent of the bleedingvolume)onthe 

blood concentrations of lactate and pyruvate and the L/P 
table 1. If 50 or 37 per cent of the bleeding volume was returned, the hemor- 
rhage was not fatal. However, when only. 25 per cent was returned death re- 
sulted. In a series of 5 dogs each of which had 50 per ednt of the bleeding volume 

3 Liquaemin-heparin in saline , Roche-Organon Inc . , Nutley, N . J . 
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returned, the average blood lactate concentration and the average L/P ratio 
were within the range of the control values. One hour after bleeding the highest 
value found for the lactate in one instance was 35.2 mgm. per cent. The average 
value for lactates on the next day was 10.3 mgm. per cent. 

When 5 dogs were subjected to a 63 per cent hemorrhage (bled out and 37 
per cent returned), the average blood lactate 4 hours after bleeding had increased 
from a control of 10.5 to 42.2 mgm. per cent. In one instance the blood lactate 
had risen as high as 64.0 mgm. per cent (L/P 12.5). In the four hour period 
after hemorrhage the average L/P ratio had increased from a control of 6.9 to 
10.5, a value which is near the upper limit found in control dogs. None of these 
anhnals showed evidences of being in a critical state at the end of the 4 hour 
experimental period. By the next day the blood lactate of 4 dogs had leturned 
to an average value of 11.5 mgm. per cent. During the night one animal died 
unexpectedly in his cage. The control blood volume as measured by the blue 
dye T-1824 showed that previous to bleeding this animal had been in a state of 
dehydration. One hour after hemorrhage the blood volume reduction in the 
animal that died was 36.4 per cent. During the succeeding 4 hours the volume 
of blood samples removed was sufficient to increase the calculated reduction to 
42.5 per cent. The critical level of 40.0 per cent blood volume reduction (Wal- 
cott, 1944) had thus been exceeded during the period of experimentation. 

All 26 of the dogs which underwent a 75 per cent hemorrhage died, the averse 
survival time being 3 hours and 20 minutes. During the first hour following 
hemorrhage, the average blood lactate in these dogs increased from a control 
value of 13.1 mgm. per cent to between 30.0 and 120.0 mgm. per cent. Sub- 
sequently, the lactate continued to rise slowly, a rapid increase occurring ter- 
minally, at which time the lactate varied between 70 and 160 mgm. per cent. 
The blood pyruvates (series of 20 dogs) which had an average control value of 
1.9 mgm. per cent increased to 4.7 mgm. per cent one hour after hemorrhage and 
showed little change thereafter. Since there was little change in the concentra- 
tion of pyruvate following the initial rise, the L/P ratios increased, and terminally 
varied between 16.4 and 31.0. Dog 5A (fig. 1) illustrates the typical rapid in- 
crease in lactate followed by a plateau which in turn is succeeded by a sharp 
rise. Two and one-half hours after hemorrhage the L/P ratio was 14.2. At 
this time the animal was probably suffering from moderate hypoxia, with a 
blood lactate of 66.6 mgm. per cent and a pyruvate of 4.7 mgm. per cent. Four 
and one-half hours after hemorrhage the blood lactate was 151.3 mgm. per cent 
and the L/P ratio 23.6. Shortly thereafter the dog died. 

Figure 1 shows that the lactate increased more in the animals which had been 
subjected to 63 per cent hemorrhages than in those that had lost only 50 per cent 
of their bleeding volume. Figure 1 also indicates that, in general, the lactate 
concentrations which are present after a 75 per cent hemorrhage and the rate at 
which these values are attained are inversely related to the survival time of the 
animal. 

The effect of hemorrhage upon the concentration of blood glucose is highly 
variable, being dependent on the previous history of the animal, the amount of 
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liver glycogea available, etc. However, in normal well-fed dogs subjected to a 
75 per cent hemorrhage (bled out and 26 per cent returned) the arterial blood 
sugar rose sharply from control values ranging between 57.0 and 100.0 mgm, 
per cent to a maximum of between 118.0 and 335.0 mgm. per cent. The max* 
imum occurred at any time following hemorrhage except terminally. There 
was almost invariably a drop in glucose of 10 to 90 mgm. per cent withm the last 
hour of life. In some instances the terminal decrease took place within the last 
10 minutes. Death generally occurred with the blood sugar value slightly 
greater than that of the control blood samples. The curve for blood glucose in 
figure 2 shows the typical increase and terminal decrease after a 76 per cent 
hemorrhage. 



Fig. 1. Showing changes in blood lactate concentrations after slight, moderate, and 
severe hemorrhage. The dogs which died are indicated by broken lines, those which sur- 
vived by unbroken lines. 

Another series of experiments was performed in order to determine the course 
of peripheral glucose utilization and lactate production following a 75 per cent 
hemorrhage. The decrease in blood glucose (A-V difference) as the blood passed 
through the tis^es of the hind limb was arbitrarily termed glucose utilization, 
although it is recognized that a disappearance of glucose does not necessarily 
signif y utilization. To determine the A-V differences in glucose, simultaneous 
(within 1 to 3 min.) samples of arterial and venous femoral blood were taken 
before and after 75 per cent hemorrhages (table 2). Control experiments were 
carried out in which 2 dogs were placed on the animal board for a period of time 
corresponding to the duration of an average hemorrhage experiment, and samples 
were drawn from the femoral artery and vein at hourly intervals. Under th^ 
conditions the glucose A-V differences rem^ed relatively undianged (table 2). 
Additional control values for the A-V glucose differences were obtained upon 
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A-V DIFFERENCE moms. % 
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each dog before it was bled. The average decrease of all the control values in 
glucose from arterial to venous blood was 3.4 mgm. per cent (20 determinations). 
One hour after hemorrhage the A-V difference had risen to an average of 32.0 
mgm. per cent. The average maximum A-V difference of glucose was 40.0 mgm. 
per cent; the average terminal A-V difference was 19.0 mgm. per cent. The 
range of the terminal A-V differences was considerable. For example, in dog 11 
the glucose A-V difference J hour before death was 7.0 mgm. per cent. In dog 
8 it was 34.0 mgm. per cent § hour before death. The maximum A-V differ- 
ence which occurred at various times after hemorrhage was always followed by a 
steadily decreasing A-V difference until death occurred (fig. 2). When time 




HOURS AFTER HEMORRHAGE 


Fig. 2 Fig- 3 

Fig. 2. Showing changes in the arterial levels of glucose and lactate and the arterial- 
venous differences in glucose and lactate after a 75 per cent hemorrhage. 

Fig. 3. Showing the effect of 75 per cent hemorrhage on the arterial-venous differences in 
red cell volume. Broken lines indicate the venous hematocrits, unbroken lines the arterial 
hematocrits. 


permitted, terminal samples were taken as the blood pressure fell to between 20 
and 15 mm. Hg. If, however, death took place suddenly, samples obtained 
within i hour of death were considered terminal. The A~V difference bore no 
constant relation to the absolute level of arterial glucose. 

The pattern of glucose utilization following a 75 per cent hemorrhage was 
unchanged when the duration of fasting previous to bleeding was greater than 
18 to 24 hours. For example, dog 14, given water ad libitum but no food for 
5 days, had a control glucose A-V difference of 3.0 mgm. per cent and an arterial 
glucose of 88.0 mgm. per cent (table 2). One hour after hemorrhage the A-V 
difference had risen to a maximum of 50.0 mgm. per cent. Tw'O hours after 
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hemorrhage the difference was 23.0 mgm. per cent and one hour later it was 
16,0 nlgm. per cent. The dog survived 3| hours. The results in(hcate that 
6 days of fasting did not change the glucose response to hemorrhage. 

The A-V lactate differences were unchanged when a dog remained on the 
fl.nimn.1 board for a period of time corresponding to the duration of the usual 
hemorrhage experiment. The average A-V difference for these control values 
as well as those obtained immediately before hemorrhage was 3.0 mgm. per cent 
(table 3). Since the femoral venous lactate concentration was higher than that 

TABLE 2 


The relation of arterial glucose {in mgm. per cent) to the femoral A-V glucose difference after 

a 75 per cent hemorrhage 



1 CONTROL 1 

1 HOUR 

1 2 HOURS 

3 HOURS 

4 HOURS 

DOG NO. 










Arterial 

A-V 

Arterial | A-V 

Arterial | 

A-V 

Arterial 

A-V 

Arterial 

A-V 


Control experiments (time on animal board) 


1 

81.7 

2.4 

85.2 

' 2.7 

81.7 

0.8 

80.7 

1.6 

81.7 

0.8 

2 

72.0 

4.0 

75.5 ' 

7.7 

77.7 

3.0 


1 




Hemorrhage experiments (time after hemorrhage) 


3 

78.5 

7.0 

118.0 

35.0 

dead 





4 

70.0 

3.3 

118.0 

13.0 

dead 





5 

72.0 

2.0 

155.0 

12.0 

163.0 

30.0 

180.0 

9.0 

dead 

6 

83.0 

4.3 

166.0 

37.0 

150.0 

29.0 

j 125.0 

, 23.0 

1 dead 44hr. 

7 

91.5 

4.3 



dead 





8* 

75.0 

3.0 

190,0 

54.0 

168.0 

34.0 

dead 



9 

73.5 

8,5 

168.0 1 

18.0 

155.0 

45.0 

148.0 1 

39.0 

141.0 1 26.0 

10 

78.8 

0.0 

335.0 

27.0 

293.0 

39.0 

265.0 1 

28.0 

dead 

11 

70.0 

4.0 

186,0 

38.0 

125,0 

7.0 

dead 



12 

61.3 

0.0 

158.0 

38.0 

69.0 

6.0 

1 


1 61.3tl 10. 8t 

13 

66.7 

3.7 

228.0 

27.0 

168.0 

10.0 

dead 


Starved for 5 days before hemorrhage 

14 

88.0 

3.0 

193.0 

50.0 

178.0 

23.0 

159.0 

15.0 

dead 


* 70 per cent hemorrhage, 
t This was a 5 hour sample. 


presMit in the feinoral artery, the blodd has gained lactate in passing through the 
tissues and the A-V lactate difference may be regarded as negative, when com- 
pared with the glucose A-V difference. One hour after a 75 per cent hemorrh^ 
the average A-V lactate difference was 24.2 mgm. per cent; gradually increasing 
to an average maximum value of 36.5 mgm. per cent. The average terminal 
A-V lactate difference was 29.5 mgm. per cent. The maximum A-V difference 
occurred at various times after hemorrhage, sometimes even terminally. 

TW queslion anses as to ttio lotatm oi tto ta A-Y diSoxeivcfts in 

glucose and lactate to the changes in the relative blood flow through the femoral 
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vein. In each of the 4 dogs studied the blood flow through the femoral vein was 
reduced immediately after a 75 per cent hemorrhage to between 25.0 and 31.2 
per cent of the control value. There was no marked change in blood flow 
following the initial reduction until the blood pressure fell to 15 mm, Hg or 
below, at which time the blood flow decreased sharply (table 4). 

In 5 animals the hematocrit values were determined upon each of the arterial 
and venous samples (fig. 3). A small difference in the hematocrit reading was 
observed between the arterial and venous blood, but the difference was un- 
changed by hemorrhage. These observations indicate that the alterations in 


TABLE 3 

The relation of arterial lactate {in mgm. per cent) to the femoral A-V lactate difference 

after a 76 per cent hemorrhage 


DOG. NO. 

CONTJIOL 

1 HOURS 

2 HOURS 

3 HOURS 

4 HOURS 


1 Arterial 

A-V 

Arterial 

1 A-V 

Arterial 

1 A-V 

1 Arterial 

A-V 

1 Arterial j 

A-V 

Control experiment (time on animal board) 

15 

10.5 

2.5 

9.2 

2.2 

8.8 

2.4 

8.2 




Hemorrhage experiments (time after hemorrhage) 

16 

I 12.4 

' 7.3 

43.8 

18.0 

46.8 

24.4 

47.4 1 

29.1 1 

dead 5i hr. 

17 

16.3 

0.7 

82.3 

45.2 

143.9 

37.6 

dead 




18 

33.1 

2.4 

71.0 

33.4 

96.4 

35.6 

dead 




19 

11.3 

2.9 

58.9 

21.0 

49.7 

25.3 

^ 66.6 1 

27.0 I 

dead 


3 

10.2 

1.6 

80.6 

26.4 

dead 






4 



73.3 

26.3 

dead 






5 

3.0 

4.5 

51.6 

13.0 

66.7 

34.5 

69.7 

25.9 

dead 


6 

5.2 j 

4.6 

42.8 j 

32.0 



55.0 

1 30.2 

dead 4J hr. 

7 i 

12.9 

3.2 

120.0 

14.0 

dead 






8t 

40.5 

0.7 

108.0 

12.0 

140.0 

62.0 

dead 




9 

10.4 

2.4 

54.2 

16.3 



67.2 1 

35.1 

1 85.3 1 

35.2 

10 





65.2 

26.3 

70.5* 

42.3* 

dead 3 hr. 

11 

4.6 

4.4 

52.9 

27.7 

114.0 

16.0 

136.0 

7.8 

' 

dead 


20 

4.0 

3.0 









21t j 

4.1 

3.3 

55.8 

30.8 

95.5 

14.5 

dead 3J hr. 




* This was a 2J hour sample, 
t 70 per cent hemorrhage. 


blood glucose and lactate A-V differences need not be corrected for changes in 
red cell volume. 

Discussion. After a 50 per cent hemorrhage the blood lactate, the blood 
pyruvate and the L/P ratio remained within the control ranges. When a 
greater amount of blood was withdrawn (63 per cent of the bleeding volume), 
there was a sharp rise in pyruvate, and a moderate increase (4 fold) in lactate, 
whereas the L/P ratio remained at the upper limit of the control range. A 
marked increase in blood lactate occurred immediately after a 75 per cent hem- 
orrhage. Xhis was succeeded by a period during which the lactate showed no 
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increase or rose slowly. Terminally, there was usually a rapid increase in the 
blood lactate which sometimes attained values as high as 160 mgm. per cent.' 
The average pyruvate concentration was only 0.7 mgm. per cent higher temu- 
nally in the dogs which had lost 75 per cent of their bleeding volume than it was 
after an equal time interval in the dogs that had lost 63 per cent of their bleed- 
ing volume. There was a considerable increase, therefore, in the L/P ratio in 
the dogs with 75 per cent of their bleeding volume removed (table 1). It is 
apparent that when smaller fractions of the bleeding volume were returned to 
the dogs, larger changes in blood lactate, pyruvate and the L/P ratio were 
observed, 

Greig and Govier (1943) found a deficiency in cocarboxylase in the muscular 
tissue of hemorrhaged dogs (nembutal anesthesia). The enzyme deficiency 


TABLE 4 

Blood in cc.lminute obtained from the femoral vein before and after 75% hemorrhage; 
duplicate determinations included in the table 





FLOW FOLLOWING 75 PER CENT HEMORRHAGE 

DOG NO. 

WT. 

CONTROL FLOW 




Blood pressure 




One hour 

Two hours 

Three hours 

15 mm. Hg 






or below 


kgm. 

cc,/mnute 

cc.lnUnute 

cc.lminute 

cc./minuU 

cc.lminute 

22 

7.2 

16.0 

6.0 

.4.1* 


3.2 


18.0 

4.4 

4.4 


4.0 




4.6 




23 

7.5 

18.0 

6.0 

4.5 

6.4 

2.2 


16.0 

6.5 

3.6 

4.6 

1.3t 

24 

9.6 

40,0 

10.8 

12.4 

6.0 

7.7. 



38.0 


12.0 

6.8 




42.0 





26 

10.7 

21.0 

6.6 

5.7 


6.0 



23.0 

6.5 





* This sample was taken at Ij hours. 

t This sample was taken as the blood pressure dropped from 10 to 2 mm. Hg. 


could explain the increase in lactate and pyruvate that occurred previous to the 
terminal rise in the L/P ratio. Even without an actual decrease or dephospho- 
rylation of cocarboxylase a rise in peripheral utilization of glucose could increase 
the demand for this enzyme, and thus cause a relative deficiency. It is rec- 
ognized that cocarboxylase is probably not the only substance concerned with 
the breakdown of pyruvate (Pilgrim, Axelrod and Elvehjem, 1942). The severe 
hypoxia that developed terminally is reflected by the marked rise in the L/P 
ratio. 

The maximum A-V difference in glucose following a 75 per cent hemorrhage 
was approximately 12 times that of the control, an increase which cannot be 
accounted for on the basis of the observed decrease in blood flow, which amounted 
to i of the control value (table 4). This decrease in blood flow may be produced 
partly by an increase in the circulation time, and partly by a decrease in the 
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total cross sectional area of the vascular bed of the hind limb. The rise in A-V 
differences indicates an increased peripheral utilization of glucose resulting 
from hemorrhage, a phenomenon also found in rats by Russel, Long and Engel 
(1944). Of course, A-V differences measure absorption and not necessarily 
utilization. That the glucose was stored seems impossible since Tachi (1926) 
found a marked decrease in the muscle glycogen of rabbits following severe 
hemorrhage. In dogs that have undergone a 75 per cent hemorrhage the glucose 
A-V difference rose to a maximum after which there was a steady decrease. 
Since during this period the blood flow remained constant at about 25 per cent 
of the control flow, the decrease in glucose A-V difference must represent a def- 
inite decrease in tissue metabolism. This decrease in glucose A-V difference 
does not necessarily mean that the utilization has dropped below the control 
values, for the average terminal A-V glucose difference was still 5.5 times higher 
than the control value. The increase in the average terminal glucose A-V 
difference cannot be accounted for entirely on a basis of decreased blood flow. 
Nevertheless in individual dogs the A-V values may indicate a terminal decrease 
or a terminal increase in peripheral utilization as compared with control values. 
For example, dog 11, J hour before death showed a rise of less than 2 fold in the 
glucose A-V difference. Less glucose was being utilized by the peripheral tissues 
in this period than before hemorrhage. On the other hand, ^ hour before death 
the glucose A-V difference in dog 8 was 10 times the control difference. At this 
time the animal was utilizing a large amount of glucose. 

Although all the data have not been collected on the same dogs, it is possible 
to relate the maximum period of glucose utilization following a 75 per cent hem- 
orrhage with the period during which the blood lactate and pyruvate con- 
centrations are rising and the L/P ratio is still less than 14 (table 3). As the 
hypoxia progresses the L/P ratio rises and the peripheral glucose utilization 
falls. 

According to the A-V differences, lactate was produced, after a 75 per cent 
hemorrhage, at a rate 12 times greater than in the control period. In some 
dogs the rate of lactate formation decreased terminally. The fact that the 
maximum A-V lactate differences did not necessarily occur simultaneously with 
the maximum A-V glucose differences indicates that there is a changing re- 
lationship between glucose utilization and lactate production as measured by 
blood concentrations. 


SUMMARY 

Dogs were bled out and 25, 37, and 50 per cent of the bleeding volume re- 
turned to the circulation. Animals in which less blood is returned show greater 
increases in the blood lactate, pyruvate and lactate/pyruvate ratio. 

After severe hemorrhage (25 per cent of the bleeding volume returned) certain 
changes in the carbohydrate blood chemistry are found. 

1. There is an initial increase in the blood concentrations of lactate and py- 
ruvate with little change in the lactate/pyruvate ratio above the control variation 
of 3 to 10. 
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2 Amaxkedterminalmcreaseinbloodlactate,mthno coi^nding terminal 

incmaae in pyruvate, raises the lactate/pymvate ratio as ^ 31 . 

3 . A rise in the blood concentrations of artenal glucose is followed by a ter 

”T^ThrglM08e A-V differences rise to a maximum and thm ma^um ^ 
followed by a progressive decrease until death supervenes. The results A-V 
d^mncesf are interpreted in terms of an initial increase m penpheral g ucose 
utilization followed by a decrease. In certain animals the terminal glucose 
utiUzation falls below the control value. 

The «ithor ie indebted to Dr. Janes B. Allison and to Dr Magnus I. G.^ 
terM for suggesting this problem, and for their advice and encouragement 
S the oou^ of the msearch, and also to Dr. Walter S. Root for hs valuable 
assistance in the preparation of the manuscnpt. 

references 

Bueding, E. and H. Woetis. J.'Biol. Chem. 133 : 585, 1940. 

Engel, F. L., H. C. Habeison and C. N. H. Long. J Expe^Med. . , • 

Engel, F. L.. M. G. Winton and C. N. f 

Feiedman, T. E. and J. B. Geaesee. J. Rol Chem. 100. 291 , 19 J 
Feiedman, T. E. and G. E. Hanqen^ J. Biol. ' 

Govieb W M. j. Pharmacol, and Exper. Therap. 77. 40, 19^. 

S;“me“k»W.M.Gov™. J.Phann«ol.u,dErp.r.Th.r.p.79;240,IM3. 

Lu, G. D. Biochem. J. 83: 249, 1939. t u* i nkom 148*2^7 1942. 

PILGEIM F. J., A. E. Axeleod and C. A. Elvehjem. J. fhem 145 237, 1942. 

Rds8el,’j. a., C. N. H. Long and F. L. Enge^ L ^per. Med. 79: 1, 1944. 

SOLANDT D. Y. AND C. H. Best. Lancot 1: 1042, 1940. 

SoMOGYi! M. J. Biol. Chem. 70: 699, 1926, 76: 33, 1927. 

Tachi, H. Tohoku J. Exper. Med. 7: 197, im 

Walcott, W. W. Proc. Soo. Exper. Biol, and Med. 66. 272, 1944. 


OBSERVATIONS ON SHOCK FOLLOWING BILATERAL VENOUS 
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Previous work from this department (1, 2) has shown that venous occlusion, 
by means of ligation and lampblack injections, of a hind-limb in the dog leads to 
a shock-like state in which 89 per cent of the animals succumb in to 21 hours 
(3). This is associated with a leakage of intravascular fluid into the leg of more 
than 4 per cent of the body weight. This leakage is attributed to the elevation 
of the hydrostatic pressure in the small peripheral vessels following occlusion. 
Later, alterations in capillary permeabihty in this leg permit proteins and, still 
later, formed elements to escape. This view is supported by the efficacy of a, 
fluid replacement which permitted 12 out of 12 dogs to survive when intravenous 
isotonic saline was employed shortly after operation and 5 out of 12 dogs when 
intravenous isotonic glucose w^as used (3), and 6, prevention of fluid escape which 
permitted survival of 11 out of 12 dogs when rigid plaster casts w^ere applied (4). 

In another study (5) w^e decided to use venous occlusion of both hind-limbs 
to ensure an early consistently fatal outcome. This suggested that it might be 
worth while to examine the effects of fluid replacement and of casting on animals 
in wffiich the traumatic insult was greater, viz., venous occlusion of both hind- 
limbs. It soon became apparent that the results w’ere very different from those 
obtained with unilateral venous occlusion. These differences and their possible 
interpretation are the subject of this report. 

Methods. The procedures of inducing the shock-like state have been pre- 
viously reported (1 to 5). The method of administering sahne wtxs as previously 
described (3) except that larger quantities were given, and the method of applying 
the cast has been described (4). In one series of untreated animals with bi- 
lateral vein occlusions, anesthesia was maintained with intravenous nembutal 
(25 mgm./kilo.) throughout the duration of the experiment. All other dogs 
w'ere operated upon under ether anesthesia and ether w^as discontinued following 
completion of the surgical procedure. The plasma used in the plasma treated 
dogs was obtained by bleeding of normal animals, and subsequent centrifugation 
of the blood followed by separation of the plasma by means of a siphon 

Discussion of results. The pertinent data on the survival of the various 
groups of animals are summarized in table 1. 

1 . Variation in survival rate of unilateral venous occlusion series. It is apparent 

^ Aided by the A. D. Nast Fund for Cardiovascular Research. This work was done 
under the auspices of the Michael Reese Committee on Shock and was supported by the 
Michael Reese Research Foundation. 

* We are indebted to Dr. S. O. Levinson of the Samuel Deutsch Serum Center for the 
generous use of the centrifuges in his department. 
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from examination of table ! that the same procedure carried out 
series ot dogs did not give identiesl reralts. Thus, “ 

Study venous occlusion of one hind-hmb was fatal in 17 out of 19 dogs. W e 

this procedure was repeated in the present series the fataUties were less frequent, 
22 out of 28. This difference is slight and can be attnbuted to the yaganes o 
slpling. A greater, but pmbably iusiguifieaut drffejenee » m 

the saline treated unilateral venous occlusion experiments (table 1). Thu , 
the previously reported saUne treated animals, all 12 dogs survived. In 


Comparison of survival 


TABLE 1 

rate in unilateral and bilateral venous occlusion of the hind-hmbs 


in the dog 


type 01 VENOUS 
OCCLUSION 01 
THE HIND-LIKBS 

additional 

PKOCEDUBE 

ANESTHESIA 

NO. OP 
ANIHALS 

NO. OP 
SUE- 
VTVALS 

% 

Unilateral 

None 

Ether during 
operation 
only 

19 

28 

47 

2 

6 

8 

11 

21 

17 

Unilateral 

Isotonic 

saline 

Ether during 
operation 
only 

12 

28 

40 

12 

15 

27 

100 

64 

68 

Unilateral 

Cast 

Ether during 

1 operation 
only 

12 

11 

92 

1 0 

Bilateral 

None 

Nembutal 

throughout 

13 

0 


Bilateral 

None 

Ether during 
operation 
only 

6 

0 

0 

Bilateral 

Cast 

Ether during 
operation 
only 

14 

1 

7 

Bilateral 

Isotonic 

saline 

Ether during 
operation 
only 

8 

0 

0 

Bilateral 

Plasma 

Ether during 
operation 
only 

6 

0 



Previously reported (3) 
Present series 

Previously reported (4) 


nresent series fataUties within the first 21 hours occurred in 13 out of 28 dogs. 
The difference in the two sets of experiments, however,^does 
previous conclusion that isotonic saline when actotered m ^ 

Sy after unilateral venous occlusion of a hind-hmb has a defimte beneficial 

8 Effect of bilateral venous occlusion of fAi Mnd-Kmbs. No ^mvals 

JoS to vTou. ouduaion of both hind-limb, ^ble 1) The ^ 

in to bilataal vein oeclunon dog. wa. torter than in to angle hm 
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occlusion. riuiH in (he 0 jinininls which wen^ cincsthctizcd with cth('r (lining 
the operation, the survival time was 2^ to 5J hours, a (listiiudly shorten* interval 
than in the case of those animals with vein occlusion of a single hind-limb, in 
which the survival time, in those that succumbed, ranged from 3^ to 21 hours. 
A similar result was obtained in the double venous occlusion series in which the 
animals Avere maintained anesthetized with nembutal. All 13 dogs succumbed 
within If to 8 hours after operation (table 1). 

The more accelerated and invariably fatal courses in animals Avitli trilateral 
vein occlusion is understandable and almost predictable. With the veins of two 
limbs occluded the loss of fluid, into both legs is more rapid and more difficailt 
to compensate for, than in the case of involvement of one limb. C ompensatoiy 
mechanisms to counteract the fluid loss would furthermore b(' less apt to be 
eft'ective. 

However, another factor must be taken into account, viz., the blood trapped in 
the blood vessels of the limb immediately upon venous occlusion. In essence 
this operates like hemorrhage except that here the “bleeding"’ is into a part of the 
circulatory tree whose egress into the general circulation has been cut off, at 
least temporarily. While the amount of blood trapped in one limb may not be of 
sufficient magnitude to contribute significantly to the downhill course ol the 
animal, the amount so trapped in both hind-limbs may be large enough to make a 
noticeable difference and per se should accelerate the development ot the shock- 
like state and so further strain any compensatory mechanisms which w'ould 
operate. 

3. Effect of early isotonic saline or plasma inf usions on the course of the shock and 
survival of dogs with bilateral venous occlusion of the hind-hmhs. As shown in 
table 1, isotonic saline administered to animals with bilateral venous occlusion 
in the same manner as in single limb venous occlusion experiments failed to pre- 
vent death in any of the 8 animals and only in one was the duration of survival 
lengthened outside the range of the untreated dogs, viz., prolonged to 18 hours. 
This occurred in spite of the fact that the (piantity of saline injected w^as sub- 
stantially larger than in the single hind-limb vein occlusion experiments. Plasma 
also failed to prevent a fatal outcome in the six animals in w hich it w as used in a 
manner and in quantities similar to the saline. All 6 of the plasma treated 
animals succumbed within the same time period as the untreated animals. 

Thus, fluid replacement in the bilateral venous occlusion experiments, whether 
in the form of isotonic saline or plasma w^as demonstrated to be Avithout apparent 
effect on the survival of the animals or on the development of the shock 
condition. This holds even though the quantity and frequency of fluid acl- 
ministration Avere greater than in the single hind-limb vein occlusion. This 
difference betAveen bilateral and unilateral venous occlusion suggests that it is 
important not only to knoAV during Avhich stage of shock therapy is being ad- 
ministered (viz., “pre-shock”, early shock, late shock or the “irreversible stage”) 
but also to knoAv the magnitude of the insult or trigger mechanism leading to 
shock and its progression. The insult may be slight or severe and accordingly 
its effect may be slight, moderate or overAvhelming. Consequently, therapy 
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effective in milder cases may fail in more serious ones even if begun early enough. 
This merits emphasis because it has often been overlooked in the recent tendency 
to define the stage of progress of the shock condition. The rate of development 
of shock and the rate of its progression are not the sole criteria of the seriousness 
of the condition, in terms of reversibility by suitable therapy. Some cognizance 
must be taken of the magnitude of the insult leading to shock. In the case of 
venous occlusion of both hind-limbs, the shock appears to be irreversible from 
the start. 

4. Effect of casting the hind-limhs and abdomen on the course of the shock and 
survival of dogs, with bilateral venous occlusion of the hindAimbs. As shown in table 
1 casting the limbs and abdomen after bilateral venous occlusion had little effect 
on survival of the dogs, 13 out of 14 animals succumbing. This is in sharp 
contrast with the effect of similar casting in dogs with unilateral venous occlusion, 
previously reported (4), in which only 1 out of 12 animals succumbed. Casting, 
however, did prolong the survival time of these double vein occlusions; the 13 
dogs that succumbed, survived for from 5 to about 17 hours (most of them for 
the longer period) compared to the untreated animals which survived for from 
2\ to 5^ hours. 

The reason for the difference in survival between the two groups of casted 
dogs cannot be attributed to differences in local fluid loss, since the casts pre- 
vented any significant fluid leakage. The difference in survival of the two 
groups must be attributed to other factors. It is possible that this is the longer 
period of ether anesthesia, necessary with the double operation. We are in- 
clined to discount this since we have had prolonged anesthesia in a number of 
single limb occlusion dogs which survived. Another possibility is the one, 
already mentioned, that the amount of blood taken out of circulation by the 
double occlusion is increased and may be so great that without the additional 
insult of fluid leakage it is sufficient per se to lead to shock and death. Casting 
would not prevent this. 

While the foregoing two possibilities cannot be excluded, it is also possible 
that neurogenic influences may be operating to lead to the progressing shock- 
state. More likely is the possibility that vein occlusion, like prolonged appli- 
cation of a tourniquet, leads to the formation of altered metabolites in the tissues 
of the limb which are absorbed and trickle into the general circulation through 
the undisturbed lymphatic drainage and that these substances are responsible 
for the fatal outcome in the animals. 

In short, these cast experiments demonstrate that some other factor, possibly 
a ‘Toxic” substance from the limbs with interfered circulation operates to contrib- 
ute to the development and progression of shock, in addition to the local fluid 
loss. When fluid loss is prevented in single limb vein occlusion by casting, this 
accessory factor is not sufficient by itself to lead to shock, but in experiments 
employing bilateral venous occlusion it is. Evidently some other factor, pos- 
sibly a humoral ‘Toxic” substance, plays a rdle even in what appeared at first 
sight to be a simple local fluid loss-engendered-shock. This unexpected finding 
is, we believe, significant in demonstrating the complexity of the genesis of shock. 
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SUMMARY 

Bilateral venous occlusion of the hind-limb of the dog by means of ligation and 
lampblack injection leads to a consistently fatal and rapid shock-hke state. 
Early fluid administration (NaCl or plasma) demonstrated to be effective in pre- 
venting this state in unilateral venous occlusion experiments is without teneficial 
action in these animals. Likewise, application of a rigid cast to both hind limbs 
and lower abdomen, in order to minimize fluid leakage into the injured area, is 
accompanied by slightly increased length of life but does not prevent the ultimate 
fatal result; this suggests that some other factor, perhaps a humoral toxic” 
substance plays a role. The mechanisms and possible interpretation of these 
results are discussed. 

We are indebted to Dr. B. Kondo for his assistance in the conduct of these 
experiments. 
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Fifty years ago Haldane (5) showed that when a normal man at rest is exposed 
to air containing 1.3 per cent CO he absorbs into his blood 50 to 60 per cent of 
the inspired CO during the early stages of the exposure. Were it not for the 
dead space of the lungs, which is usually about one-third the volume of the tidal 
air at rest, the proportion absorbed would rise to around 80 per cent, as Haldane 
pointed out. Later workers (2, 3, 9, 11, 12, 17, 18) have extended these obser- 
vations, which in Haldane’s papers were limited to a single individual, and have 
furthermore studied the effect of varying grades of activity on the rate of CO 
uptake. Their results are often irregular and somewhat confusing due in part 
to marked individual variations between the different subjects used, but in the 
main we believe, to two sources of experimental uncertainty: 1. Normal human 
blood contains variable traces of CO (i.e., 1 to 5 per cent COHb) even before 
exposure to the CO-containing atmosphere. Such traces have been frequently 
neglected in previous work. 2. The determination of the per cent COHb in 
the blood has often been made by subjective optical or colorimetric methods, 
which sometimes give unreliable results in the important range of 0 to 25 per 
cent COHb, even though they may be quite dependable at higher percentages. 

The purpose of this paper was therefore to make a new and comprehensive 
study, by the accurate and objective micro-gasometric methods now available 
(19), of the rate of CO uptake by man under a wide range of conditions. Six 
factors have, in all, been studied by us: 1, per cent CO in inspired air; 2, time of 
exposure; 3, degree of activity of the subject; 4, per cent O 2 in inspired air; 5, 
total barometric pressure; 6, variations between different individuals. Factors 
1 to 3 have been studied by previous workers, and besides being of theoretical 
interest in regard to gas exchange in the lung, are of considerable practical 
importance both from the military and industrial angles, since as little as 10 to 
15 per cent COHb in the blood may have marked effects on certain functions 
(especially visual). Factors 4 and 5 have been but little, if at all, studied pre- 
viously: on the practical side such additional data may prove of value in prob- 
lems of aviation and submarine medicine. On the theoretical side, as is shown 
in an adjoining paper, the study of the effect of varying the per cent O 2 in in- 
spired air may well throw some new light on the detailed mechanism of gas ex- 
change between the lungs and blood, notably in regard to the average time 
which the red cell spends in traversing the blood capillaries in the pulmonary 
alveoli. 

Methods. The experiments on varying the per cent CO in the inspired air, 
the time of exposure and the degree of activity were divided into two sets. In 
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the first set the subjects, two or three at a time, entered a chamber which con- 
tained the desired percentages. The chamber contained a bed and a bicycle 
ergometer. Commonly one subject lay upon the bed, another rode the bicycle, 
and the third moved about the chamber reading instruments and taking blood 
samples which he passed out through an air lock. Two grades of work were 
used on the bicycle, one of 2220 foot pounds per minute, the other double this. 
The lighter grade of work corresponds roughly to walking on the level, the 
harder to a slow jog trot. Forty cubic millimeter samples of capillary blood 
from the finger were analyzed for carbon monoxide by the Scholander-Roughton 
micro syringe method (19) (accuracy of dz 0.3 vol. per cent, i.e., 1.5 per cent 
COHb). The concentration of the gas in the inspired air was determined by 
means of an M.S.A. carbon monoxide indicator which was turned alternately 
to the chamber and to a standard mixture in a Tissot gasometer. Both the 
mixture in the chamber and that in the gasometer were made from pure CO 
generated from formic and sulfuric acids. 

In the second set of experiments with higher concentrations where time was 
a more critical factor, the subjects breathed through a mouthpiece — first air 
during a control period and then, at the turning of a valve, from a gasometer 
containing the desired concentration of CO. In these experiments most of the 
determinations were made upon venous blood by Horvath and Roughton’s 
gasometric method (10:accuracy 0.05 vol. per cent) or byRoughton^s combination 
of the latter with the micro syringe method (Appendix II, 19:accuracy 0.01 to 
0.02 vol. per cent for CO contents < 2 vols. per cent). A few determinations 
were made on simultaneously drawn capillary blood, as in the earlier set, but 
the results did not differ significantly. 

In a third set of experiments tank O 2 (purity > 99 per cent) was substituted 
for atmospheric air, and mixtures of CO were prepared therewith in the Tissot 
gasometers as just described, the procedure in all other respects being identical 
save that the subject ventilated with O 2 instead of air during the control period. 

The experiments at low pressure were conducted in a steel chamber, either 
breathing air at a total pressure of 410 mm. Hg (simulated altitude = 16,000 ft.) 
or breathing O 2 at a total pressure of 140 mm. Hg (simulated altitude = 40,000 
ft.). Douglas bags, filled with suitable volumes of the gas mixtures from the 
gasometers, were taken into the chamber for the experiment: the COHb deter- 
minations were done outside. 

In some of the experiments the proportion of CO absorbed from the inspired 
air was determined as well as the course of the COHb content of the blood. In 
certain of these cases the expired air was completely collected and its CO per- 
centage determined either by the M.S.A. instrument or by a modification of the 
hemoglobin absorption method of Sendroy (20): in others the amount of CO 
absorbed was calculated from the increase in COHb and the blood volume ol the 
subject, the latter having been determined by the T-1824 method of Gregersen 
(4). We are much indebted to Drs. M. I. Gregersen and W. S. Root ior making 
the required blood volume determinations. 

Experimental results. I. Effect of per cent CO, time of exposure and degree 
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rf Upwarfs ot » tandred otervations were made m eeven hed^ 

^nSrato^ worker, (ag« aMO yre.) in Z 

per cent to 2.0per cent CO at the four grade, of activity deKnbed above, r^, 
St^irity Wt work and heavy work. Nearly haU of the reaulte were 

tained in light activity (average ventilation 9.5 liters per minu , ^ 

rate 80) tWs being the most common condition of practical exposure ^ 

spiled air m prewnted in figure 1, and for the whole range “■ 

sDired CO percentages (0-2.0) in a composite summanzmg chart (fig. 2). 

Ifte^reaS in per cLt COHb « onilnate i. ptotted agamat tme m 

minuteeilas abscissae, the per cent CO m the TmHboriginaily 

numbers" on the curves. It is assumed that the blank per cent COH gi y 



Fig. 1. Uptake of CO by man in light activity 

p.e«int in the blood is low. i.e., under 10 per cent. The curves in figure 1 are 
based on the following empirical equation: 

(A) Rate of CO uptake = fcpCO 

per cent COHb at equiUbrium - per cent COH b at tune t_ 
^ per cent COHb at equUibnum - per cent COHb at time zero 

where k = a constant which varies with the degree activity of the subject, but 
not with pCO. 

value which would 1» re»W^ 
P® tlie experiment were prolonged until CO 

uptake ceased. 

The last quantity was obtained from the Haldane 

pent 0*Hb = MpCO/arterial pOj assummg Sendroy, Liu and Van b y t ; 

S'SX “«r.Su^."chW»l difficult -hici. •»« oh-rvaUo. !«. cc-nnn. 
£ of 1 h„ ten <ii.-ep.rdrf in plotting the curve.. 
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value of 210 for M and a value of 98 mm. for the normal arterial at sea level 
(la, 16). The rfeasons for choice of equation (A) are discussed later. 

Out of a total of forty-one observations during light activity, eighteen were 
off the curves in figure 1 by 1 per cent COHb or less, nine were off by 2 per cent, 
ninfi by 3 per cent, three by 4 per cent, and two by 5 per cent. The average dis- 
crepancy from the curves was the same as the average experimental error of the 
Scholander-Roughton method with 40 cu. mm. blood, namely, 2 per cent COHb. 
Amongst the higher divergencies are some obvious experimental errors due to the 
technique being too hurried, but some of the cases are also undoubtedly due to 
differences between individuals occasioned probably (see Discussion) by varia- 
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Fig. 2. Uptake of CO by man in various percentages of CO and rates of ventilation 

tions in (a) the ratio of the tidal air to the dead space of the lung, (b) the diffusion 
constant of the lung. In our small group of seven subjects these differences 
were considerable, e.g., one man rather consistently absorbed 10 to 15 per cent 
faster than the average and another about the same amount slower. Owing to 
lack of time and equipment it was not possible to do complete curves on all sub- 
jects at all concentrations, and on this account care was necessary to ensure that 
the data were fair averages in all cases. 

Our observations agree with the early results of Haldane in showing that in 
light activity or rest about 50 per cent of the inspired CO is retained initially, 
though as equilibrium is approached this ratio naturally drops. A more detailed 
comparison of our light activity data with those of previous workers at light 
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activity is given in table 1 . It is a representative rather than an exhaustive com- 
parison since we have not included aU authors nor all the work of the authors we 
did consult. Our figures are in fair agreement with Sayers’ though shghtly 
higher (17, 18). Henderson’s figures (9) are always higher than ours and Kil- 
lick’s (12) for normal subjects are higher still, ^ though Killick’s figures for “ac- 
climatized subjects” are lower than Henderson’s and are only a little higher than 
ours for normal subjects. It is interesting that at higher saturations of the blood 
our data agree more closely with previous work. This is probably due to the 
two factors mentioned in the introduction, namely, first that the optical or colon- 
metric methods previously used increase in accuracy as 25 per cent COHb is 
approached, and second that many previous workers have assumed that the 
subjects began with no CO in the blood, whereas in the majority of our experi- 
ments the initial saturation was measured and found to vary from 0 to 5 per cent. 
This explains in part the high values found by previous observers in the low 

The whole of our data in all grades of activity is summarized in figure 2 which, 
by means of t>vo quadrants, gives the relationship of the four variables— CO 
uptake, per cent CO in the inspired air, time of exposure and ventilation rate or 
degree of activity. The upper quadrant is exactly similar to figure 1 in the way 
it relates the increase in per cent COHb to per cent CO in the inspired air and to 
the time of exposure, while the lower quadrant relates the scale of time to the 
ventilation. To use this chart one first determines the approximate ventilation 
and having fixed this point upon the ordinate scale of ventilation one draws a 
horizontal line to the right intercepting the time curves (marked 10, 20, 30, etc.). 
The intercepts define the time scale for the ventilation in question and a vertical 
line, raised from the desired time of exposure on this time scale up to the proper 
curve in the upper quadrant, will give on the ordinate scale the increase of per 
cent COHb resulting from this time of exposure. The curved lines in the lower 
quadrant are time lines, i.e., all points on the 20 minute line are 20 minutes. 
The solid portions of the curves in both the upper and lower quadrants show the 
region covered by our experimental data which fit to the curves about as well as 
was the case with figure 1. The dotted portions are extrapolations. The equi- 
librium values which each curve approaches and which would be reached at 
infinite time are indicated after the symbol i = oo . 

From figure 2 one can thus obtain the increase in per cent COHb when an 
average norm?,l adult is exposed to any given per cent CO in the air (between 0.01 
and 2.0 and at sea level) for any given ventilation rate between 6 and 30 liters 
per minute. The per cent COHb originally present is assumed to be less than 
10. The practical use of figure 2 may be illustrated by the following example . 


Find the increase in per cent COHb in the blood of a man. whose ventilafion rate is 25 
liters per minute, after 85 minutes’ exposure to air containing 0.05 per cent CO. 

Draw a horizontal line from 26 liters on the lower left hand scale to a point half way 


» In fact so high that the amount of CO absorbed by the blood in the first half hour ex- 
ceeded the total amount in the inspired air unless the ventilation was well over 16 liters per 

minute. 
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between the 80 and 90 minute lines. Then go up vertically to the 0.05 per cent curve in the 
upper half of the figure and thence horizontally to the left to the ACOHb scale. The 
answer is 28.5 per cent COHb. 

The curvature of the time lines in the lower quadrant of figure 2 is due to the 
fact that with increasing work and ventilation rate the proportion of the inspired 
CO which is absorbed is found to drop until in the hardest work an average 
figure of 40 per cent is reached as compared with 50 per cent in rest. The reason 
for such drop is that diffusion through the lung membrane becomes progressively 
more important: thus to take an extreme case, with an infinite ventilation rate, 

TABLE 1 


Light activity — per cent COHb in blood 


% CO 

STUDY OF 

1 HOUR 

2 HOURS 

3 HOURS 

4 HOURS 

5 HOURS 

6 HOURS 

0.02 

Presept data 

6 

10.6 

14.3 

17.2 

19.6 

21 


Sayers (17) 

8 

10 

18 

20 


25 


Henderson (9) 

11.5 







Sayers (18) 

7.3 



13.0 


17.6 


Killick (11, 12) 

21 

25 

28 

33 

33 

33 

0.03 

Present data 

9 

15 

20 

25 

26 



Sayers (17) 

5.5 

11.8 

19.8 

25.4 




Henderson (9) 

12.3 







Sayers (18) 

1 

10.5 

15.8 

18.5 

23.2 

26.5 


0.04 

Present data 

11.3 

20 

26.3 

31 




Sayers (17) 

8.7 

16.2 

22.7 

27.4 




Henderson (9) 

18.0 







Sayers (18) 

16.3 

24.0 





0.06 

Present data 

16.4 







Henderson (9) 

19.2 






0.08 

Present data 

21.3 







Henderson (9) 

29.9 






0.10 

Present data 

26.0 







Henderson (9) 

38 







Forbes (3) 

26.4 







the alveolar pCO could not exceed the inspired pCO, the volume of CO which 
could diffuse through the lung membrane must therefore remain finite, so its 
ratio to the infinite volume of CO inspired would thus tend to zero. 

Theoretically the rate of CO uptake should, indeed, be proportional to the 
difference between the alveolar pCO and the average back pressure of CO in the 
blood in the lung capillaries. Both these quantities increase during the course 
of an actual experiment: the back pressure at first rises slowly and then with 
increasing rapidity as the saturation increases because of the nature of the rever- 
sible equilibrium between CO and Hb. The alveolar pressure rises because 
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proKressively less CO is abstracted by the blood from the inspired au^ It proved 

extremely complicated to reduce this situation to a quantitative th^retical equa- 
tion and^instead we have fallen back on the semi-theoretical empincal equation 
(A) ’used in figures 1 and 2. In this equation the term pCO was i^^ to take 
account of thffact, estabUshed by our own and previous work, that the md^ 
rate of CO uptake is proportional to the CO pressure m the mspired au: the tem 
in the bracket represents an effort to allow for the increase m back pr^ure of CO 
as equUibrium is approached, for as wUl be easily seen it decreases from a value 
of uity at zero time, to a value of zero at infinite time. No provision, however, 
was m^e in equation (A) for the rise in alveolar pCO dunng the progress of the 
experiment; this is one reason, we believe, why the 

aUy tend to be more linear in their lower portions than equation (A) mdicates. 
rL^nd factor working in the same direction, especially durmg short ey jres 
to relatively high CO-containing atmospheres, is the variation m speed of cir 
culation of different parts of the blood: although the circulation ^ 

about one minute, appreciable parts of the blood have a much longer circulation 
ttofthTn Zs and hence will remove some of the CO picked up m the lungs by 
the more quickly circulating blood, thus retardmg the nse of back pressure o 
CO in the latter. In prolonged exposure to very low 
still another factor enters, namely, the slow disappearance of CO 
by channels other than the lungs as demonstrated '•®®®'^^^y 
T^>ot As a matter of fact for per cent COHb increases up to 15 per cent our 
data can be expressed with an accuracy of 1 in 5 by the followmg simple for- 
mulae, which are thus good enough for many practical purposes, particularly 

in view of the variability between individuals. ner 

For an individual at rest (ventilation 6 hters per mmute, pulse 70) the p 
centage saturation of the blood (per cent COHb) is given by the concentration of 
CO m the inspired air in per cent, (per cent CO), times the minutes ot exposure 

(t), multiplied by 3, or 

Per cent COHb = 3 X per cent CO X t 

Similaily for light activity (ventilation liters per mmute, pulse 80) 

Per cent COHb = 5 X per cent CO X t 
For light work (2220 foot pounds per minute, ventilation 18 hters, pulse 110) 
Per cent COHb = 8 X per cent CO X t 
For heavy work (4450 foot pounds per minute, ventilation 30 hters, pulse 135) 
Per cent COHb = 11 X per cent CO X t 

These formulae assume that the initial per cent COHb < 5 Per and th^ the 
peTrent CO in the inspired air is not less than 0.02. For 0.01 per cent CO tl^a 
formulae hold only up to about 7 per cent A COHb. \ 

the range of applicability is extended up-to 30 per cent COHb, and to co 
spondingly higher values as the per cent CO is further mcreased. 
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If. The rjfect ofO^ at red and at hard work, lloii^^hton (14) biis shown that tlie 
rate of ('hoTnipal r(^a(4ion of (X) wiili hemoglobin in |)^(^^^'n^u' ol ()2 varies inversely 
as the O 2 pressure, being etpial to m' pCX) [() 2 llb]/yX )2 where y>CX), p ()2 arc the 
respective pressures of CO and O 2 , K^Ib] is the concentration of oxyhemoglobin, 
and m' is the velocity constant of the reaction. It might therefore be expected 
that AN'hen a subject breathes a given per cent CO in O 2 instead of in air the rate 
of CO uptake would be reduced, for owing to the slowing of the reaction of CO 
with the hemoglobin of the red cells when the latter are exposed in the lungs to 
nearly pure O 2 there Avould be a correspondingly greater possibility of CO accu- 
mulating in physical solution in the blood and developing an appreciable back 
pressure in the blood capillaries of the lungs. If such an effect were to occur, 
it should be more marked during v ork when the rate of CO uptake is some three 
times greater than at rest. Such was found to be the case in the experiments 
now to be described : in all of these the period of breathing was so chosen that the 
blood COHb did not rise above one-third of its equilibrium value, and, in con- 
sequence, the rate of COHb increase was found to be. approximately linear with 
the time even in the most unfavorable case — namely, during hard work breath- 
ing 98 per cent O 2 . 

1. ExperiTneuis at I'cst. Several comparisons were made of the rate of C O 
uptake from mixtures of this gas in air and in 98 per cent () 2 , ranging trom 0.1 
to 1.2 per cent CO. The initial rate of CO uptake in presence of O 2 was found 
to be just detectably less than in presence of air (i.e., of the order of 5-10 per cent) 
in the case of the three subjects studied, W. F., F. C. and F. S. In each case, 
however, the ventilation rates when breathing O 2 were about 15 per cent highei’ 
than when breathing air: the reason for this is not known, though it may have 
been that the subjects happened to be in a less basal condition in the oxygen 
than in the air experiments. To allow for the difference reference must be made 
to figure 2 which shows that with a 15 per cent increase in ventilation rate the 
rate of CO uptake should, at rest, be increased nearly 15 per cent. On this basis 
it follows that with equal ventilation rates the CO uptake in presence of O 2 ^vould 
have been 20 per cent rather than about 5 per cent lower than in presence of 
air. To clinch this point two specially accurate and well-controlled experiments 
were done on the subjects W. F. and F. C. The results are given in table 2. 
In the case of W. F. the ventilation rate was practically the same in O 2 and in 
air, but the rate of CO uptake was 20 per cent less. In the case of F. C., by way 
of contrast, the ventilation rate in O 2 was 20 per cent higher than in air whereas 
the CO uptake rates were almost the same. The final ratios, with correction 
for the ventilation rates, are 0.76 and 0.78 respectively. These are in close 
agreement vdih the previous rougher results and leave no doubt of there being a 
definite effect of O 2 even when at rest. 

2. Experiments at work. A similar set of comparisons was done on the sub- 
jects W. F., J. E. and F. M. at the standard degree of hard work. The results 
are given in table 3. In the case of W. F. and J. E. the ventilation rate was 
practically the same with air as with O 2 , but with F. M. the rate in air was a 
third greater than in O 2 , so that in this case an appreciable correction is required 
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„„ ll,« .,1 fismc 2 t,,' t M2 impoto It 

a“»r™re ot CO in the blo«l of the lung cepiU.rie.ie therefore more 
“onouti In the ear, of CO uptake during hard work than durrng r«d,. 1 he 

TABLE 2 • 

Relative rates of CO vplakejn^ir^and i n oxygen dur in^st 



20.6 

98 

20.6 

98 

% O 2 in inspired air 

0.3 

0.3 

0.3 

0.3 

% CO in inspired air 

10 

10 

10 

10 

Minutes of breathing 

0.198 

0.159 

0.174 

0. lot 
7.06 

A vols. % in blood per minure 

5.86 

6.24 

5.88 

Ventilation rate (liters/minuTe; 

5800 

681 

90 

Blood volume (cc.) 

cc. CO uptake per minute 

1 38.4 

30.8 

39.4 

36.5 

% CO in atmospheres 

CO intake rate, in O 2 

0 

1.81 

0 

.93 

CO uptake rate in air 

CO uptake rate in O 2 for difference in 

CO uptake rate in air 

ventilation rates 

( 

).76 


).78 



0.77 



TABLE 3 

Relative rates of CO vpiafce an^;»^oxW 



’w. : 

F. 

J. T 


r. 1 

A. 


20.8 

98.0 

20.8 

98.0 

20.8 

98.0 

%02 in inspired air 

0.11 

0.125 

0.127 

0.127 

0.149 

U. I'+o 

% CO in inspired air 

Minutes of breathing 

16 

0.27 

6 

0.20 

4.5 

0.38 

4.2 

0.22 

3 

0.37 

0.22 

48 

A vols. % CO in blood per miuuLr 

30 1 

32 

1 45 1 

48 

64 

Ventilation rate (liters per minutt?; 

6800 

5100 ' 

571 

[X) 

Blood volume (cc.) I 

cc. CO uptake per minute 

142 

93 

155 

89 

143 

86 

■ % CO in atmospheres 

CO uptake rate in O 2 

0. 

65 

0. 

58 

0. 

60 

CO uptake rate in air 

CO uptake rate in O 2 for differ- 

CO uptake rate in air 
ence in ventilation rates 

0, 

63 

0. 

57 

0. 

66 

Average ratio 

0.62 


theoretic., »c, of the 

the alveolar air. 
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III. The effect of lowered barometric pressure and simulated altitude. Three 
subjects (J. E., F. M. and P. K.) were tested at sea level and in the pressure 
chamber at a pressure of 410 mm. Hg (simulated altitude = 16,000 ft.) breathing 
air containing 0.3 to 0.4 per cent CO. The subjects were in a state of light activ- 
ity and, in the case of the pressure chamber experiments, breathed the ordinary 
air of the chamber for a few minutes before being connected to the Douglas bags 
in which the CO air mixtures had been prepared. The period of breathing the 
CO mixtures was in eveiy case six minutes, and the blood samples collected before 
and soon after the breathing period showed increases ranging from 1.2 to 2.3 
vols. per cent CO. These changes were measured to an accuracy of about 1 in 
50 by means of the combined Van Slyke-syringe technique. The results are 
shown in the columns headed 0 and 1C,000 in table 4. 


TABLE 4 

Effect of atmospheric pressure and simulated altitude on the rate of CO uptake during light 

activity 



J. E. 

F. 

M. 

p. 

K. 

w. 

F. 

Equivalent altitude in feet 

Barometric pressure 

0 

760 

16000 

412 

40000 

140 

0 

760 

16000 

412 

0 

760 

16000 

412 

0 

760 

40000 

140 

Tracheal O 2 in % atmosphere 

20 

10.7 

12.2 

20 

10.7 

20 

10.7 

20 

12.2 

Tracheal CO in % atmosphere 

0.320 

0.210 

0.091 

0.380 

0.193 

0.38 

0.193 

0.261 

0.091 

A vols. % CO in blood per minute. . . . 

0.234 

0.222 

0.089 

0.320 

0.207 

0.350 

0.215 

0.258 

0.110 

Ventilation rate (ambient liters per 






9.8 

14.2 

9.5 

10.5 

minute) 

8.2 

1 14.1 

1 11.3 

1 9.8 

! 13.2 

Blood volume (cc.) 


5100 


5700 

61( 

10 

58' 

00 

cc. CO uptake per minute 

37.7 

54.3 

50.1 

48.2 

61.5 

56.5 

68.3 

58 

70.8 

Cb in % atmospheres 








cc. CO uptake per minute 










CO in % atmospheres 










to standard ventilation rate of 10 








61 

J67 

ambient liters per minute 

44 

42 

42 

49 

50 

57.5 

52 

Average ratio 

42.5 

49.5 

54.8 

64 


For a satisfactory comparison between the results at sea level and at 16,000 
feet it is necessaiy to use the tracheal CO and O 2 pressures rather than the actual 
percentages in the inspired air. The following formulae were used for the cal- 
culations of the tracheal pressures: 

Tracheal pCO = per cent CO in dry inspired air 

^ Barometric pressure (mm. Hg) — 47 
X TgQ 

Tracheal pOt = per cent O 2 in dry inspired air 

, , Barometric pressure (mm. Hg) — 47 
X - 
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The factor 47 represents the aqueous vapour pressure at body temperature. It 
is also necessary to express the ventilation rate per minute in liters measured at 
the ambient pressure in each case, i.e., 760 mm. at sea level and 412 mm. at the 
similated altitude. It will be seen that the ventilation rate at 16,000 feet so 
measured is distinctly higher than at sea level, thus indicating very appreciable 
hyperventilation due to the lowered partial pressure of oxygen. The eighth line 
in table 4 (cc. CO uptake per minute/CO in per cent atmospheres) is calculated 
by multiplying the A vols. per cent CO in blood per minute (fifth line) by the 
blood volume (seventh line) and dividing by the tracheal CO (fourth line). 
It is appreciably higher at 16,000 feet than at sea level but when the results are 
corrected to a standard ventilation rate of 10 liters (ambient pressure) per 
minute, then, as the ninth line of table 4 shows, the difference disappears, the 
rates at sea level and 16,000 feet agreeing within 0 to 10 per cent, i.e., within ex- 
perimental error. It may thus be concluded that a lowering of the barometric 
pressure to 410 mm. Hg and a halving of the partial pressure of Oj have no sig- 
nificant effect on the rate of CO uptake at a given tracheal pCO, aside from the 
changes caused in the ventilation rate by the hypoxia. 

Two similar experiments were done on W. F. and J. E. at a barometric pressure 
of 140 mm. Hg with the subjects breathing O 2 (similated altitude of 40,000 ft.). 
The results are given in table 4 under the columns headed 40,000. The ventila- 
tion rate is again increased, owing to the lowered partial pressure of O 2 (i.e., 
12.2 per cent atmosphere) as compared with sea level, but when this is allowed 
for the CO uptake rate/tracheal CO in per cent Atmosphere again comes out 
within 0 to 10 per cent of its value at sea level. There is thus no doubt that 
diminished barometric pressure per se has an insignificant effect on the rate of 
CO uptake during light activity. 

We have no similar data on the effect, if any , of increased barometric pressure 
owing to lack of a pressure chamber suitable for such expieriments, but the 
likelihood of any positive effect in such tests would seem extremely remote. 

Further discussion and conclusions. The data of this paper show that 
the initial rate of CO uptake when exposed to atmospheres containing 0.01 to 
2.0 per cent CO is proportional to the partial pressure of CO, and increases with 
the ventilation rate though at a slower rate than the latter . It is independent of 
the O 2 pressure and the barometric pressure when these are below their normal 
values at sea level, provided that allowance is made for the increase in ventila- 
tion rate if hypoxia occurs. At high pressures of O 2 the CO uptake rate is ap- 
preciably reduced, especially in hard work: this decrease, which occurs right from 
the start, is due to the slowness of the reaction of CO with the hemoglobin of the 

cells in presence of high partial pressure of 02 . 

Marked individual differences in the rate of CO uptake (i.e., a spread of 10- 
15 per cent on either side of the mean) have already been recorded and com- 
mented on in the first part of this paper during the description of the early 
rougher results. A similar spread (cp. table 4) was also noticed in the course of 
the later more accurate work on the subjects referred to in the latter half of the 
paper. To elucidate the detailed cause of these individual variations more fully 
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a special pair of experiments was carried out at rest on the slowest absorber of 
our series of subjects, J. E., and one of our two fastest absorbers, 
addition to the usual determinations, alveolar air samples were collected by the 
Haldane-Priestley technique at the end of a normal expiration just as the ten- 
minute period of'cO-breathing was being completed. Those expiratory alveolar 
CO percentages have been used to calculate the Dead Space and Ii)iffusion Con- 
stant of the lungs and give, we believe, reasonably valid comparative figures for 
different individuals. To obtain the “absolute” values of the Dead Space and 
Diffusion Constant the average alveolar CO percentage during the respiratory 
cycle should be used and this, being higher than the expiratory alveolar CO per- 
centage would lead to lower values of the Dead Space and the Diffusion Con- 
stant than those given in table 5. We have not attempted these more refined 
calculations in view of the doubt as to whether the true average composition 
of the alveolar air can be accurately determined. The results, based on the ex- 


TABLE 5 

Individual differences in CO uptake between two subjects at rest 


• — ■ ■ ■■ 

J. E. 

F. C. 


0.259 

0.302 


0.106 

0.102 

YQ V^V* cAlA 

0.035 

0.042 


5.17 

5.85 

V cni/lloibioil 

10.2 

10.0 



506 

585 

V oiuiiie 01 encii uico/tii v.'-v'*/ 

160 

135 

J_/ctLCl HpO'Cv 

r^r\ itt-v+olr/i T^or miniifp (cv, ) 

7.75 

11.85 

uptaKe per iiniiutc 

30 

39 

iJinusion coiiotciiii/ '-n 


— 


piratory alveolar CO percentage are shovm in table 5. The dead space of the 
lungs is calculated from Bohr’s formula: 

Volume of breath X per cent CO in expired air 
= (Volume of breath — dead space) X per cent CO in alveolar air 
+ dead space X per cent CO in inspired air 

The Diffusion constant of the lungs is calculated from the formula: 


Diffusion constant X per cent CO in alveolar air X (barometric pressure 
in mm. Hg - 47) = cc. CO taken up per minute 

It will be seen from table 5 that although the rates of respiration are the s^e 
in the two subjects, the volume of each individual respiration is appreciably less 
and the dead space greater for J. E. than for F. C. This means that each m- 
spiration brings considerably less of the CO-containing air into the alveoli of 
J. E. than of F. C., the comparative figures working out at 34b cc. and 450 cc. 
respectively. This together with the smaller diffusion constant in the case of 
J. E. explains, we believe, his markedly lower rate of CO uptake. In genera , 
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it seems reasonable to conclude that a slow rate of CO absorption correlates with 

a low ratio of tidal air to dead space and/or a low diffusion constant. 

The numerical values of the dead space given in table 5 are probably too high 
through the use in Bohr’s formula of values for the alveolar per cent CO lower 
than the average values of this quantity (see discussion above) but they never- 
theless fall nicely within the range given by the usual metho(k on normal m- 
dividuals. The values of the diffusion constant in table 5 are likewise probab y 
too and for the same reason, but they also lie within the normal range o 

to 50 as determined by Krogh (13). , u 

We have, as yet, done no alveolar CO determinations during hard work, but the 
average value of the alveolar per cent CO can in this case be calculat^ from 
Bohr’s formula fairly accurately if the dead space is roughly known. Thus in 
the case of the experiment on J. E. in table 3 the per cent CO in the inspired air 
= 0.127 the per cent CO in the expired air = 0.077 (by calculation from the 
per cent’cO in the inspired air, the ventilation rate, the blood volume and the 

rate of increase of blood CO content). u tj u > 

Assuming a dead space of 150 cc. the average alveolar per cent CO by Bohr s 
formula = 0.072; for a dead space of 200 cc. the alveolar per cent CO comes ou 
to 0 071 and to 0.069 with a dead space of 300 cc. Recent work confirms the 
view of Krogh, rather than that of Haldane, that the increase in the dead space 
during work does not exceed 50 per cent of its resting value. On this basis the 
average alveolar per cent CO in the work experiment on J. E- must have lam 
between 0.067 and 0.072, and the corresponding value for the diffusion constant 
comes out between 38 and 42, and is again well within the range of Krogh s 

values for subjects working at sea level. i_- x' • iu 

Harrop’s data (8) on the diffusion constant of acclimatized subjects in the 
Andes indicate that in rest and light activity there is no significant change m the 
diffusion constant as compared with the sea level values: the results given in 
table 4 of this paper point to the same conclusion as regards unacchmatized sub- 
jects No data have, however, to our knowledge been reported as yet on the 
rate of CO uptake during exercise at low O 2 pressures, and if other work permits 
we hope to make such tests in the near future. The desirability of such measure- 
ments is shown by a recent note of Roughton (15) who shows that diffusion con- 
stants of the order of 200 are required if the rate of uptake of O 2 during work at 
low Os pressures is to be explained on the diffusion theory of the passage of gases 
through the, lung membrane. The highest values reported by Krogh during 
work at sea level are only in the range of 60 to 70, i.e., about one-third of those 
required according to present calculations if diffusion is to be an adequate mech- 
anism for the uptake of Os by man under the most stressful conditions. 

Haldane (6) has criticized the Bohr-Krogh method (1, 13) of measurmg the 
diffusion constant of the lungs on the ground that the speed of mixing of gases in 
the alveoli is not fast enough to ensure a uniform value of the per cent OU 
throughout the alveoli. This is especially so just after inspiration of a fixture rel- 
atively rich in CO. Elsewhere, however ,Jhe has pointed out (7) that the diffusion 
coefficient of a gas is inversely proportional to the total atmosphenc pressure. 
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and therefore that the speed of mixing of air in the lungs would be much improved 
at low total pressures. He has, in fact, used this consideration to explain a 
famous experiment of Paul Bert upon the deleterious effect on a bird exposed to 
total air pressure of 220 mm. Hg of suddenly admitting nitrogen up to a pressure 
of one atmosphere. Although the kinetics of the mixing of air in the lungs have 
hot yet been finally worked out, it seems clear that if Haldane’s contention were 
correct the rate of CO uptake at a given tracheal pressure of CO should be appre- 
ciably greater at a simulated altitude of 40,000 ft. (i.e., 0.18 atmosphere) than 
at sea level. Table 4, however, shows that when the effect of differing ventila- 
tion rates is allowed for, the differences between the CO uptake rates at sea level 
and at 40,000 feet become insignificant. 

SUMMARY' 

1. New data are presented for the rate of carbon monoxide uptake by normal 
men at sea level, when exposed to air containing Y^arious percentages of carbon 
monoxide (0.01 to 2.0) and for various times. The .subjects were at re.st, light 
activity, light work or hard work. 

2. A composite chart is given for calculating the average individual increase 
in percentage COHb in the blood w'ith time, at varying CO pressure and varying 
ventilation rate. Particular individuals may however vary consistently by as 
much as ±20 per cent from the data in the chart, which may therefore, in prac- 
tical cases, often be replaced by much simpler approxunate equations given in the 
text. Variations in the ratio of tidal air to dead space, and in the value of the 
diffusion constant of the lungs appear to be responsible for the differences be- 
tween individuals in the rate of CO uptake. 

3. The observed rates of CO uptake are lower than the average rates of most 
previous observers: the difference is attributed partly to more accurate estima- 
tion of COHb (by the Scholander-Roughton technique) and partly to adequate 
allowance for the blank CO already present in the blood before the exposure. 

4. Lowering of the total barometric pressure (down to 140 mm. Hg) is without 
effect on the rate of CO uptake, provided the partial pressure of CO in the trachea 
is kept constant and correction is made for any increase in ventilation rate due 
to hypoxia. 

5. Increasing the Oj from 20 to 98 per cent at sea level decreases the rate of CO 
uptake: the effect is more pronounced in hard work than at rest. This decrease 
occurs because the rate of reaction of CO with Hb is inverseh'^ proportional to 
the O 2 pressure. 
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Ten years ago I published a series of papers (10) on the rates of the reactions of 
carbon monoxide with hemoglobin. The reactions studied were a, the combina- 
tion of CO with reduced hemoglobin; b, the displacement of O 2 from combination 
with hemoglobin by CO ; c, the displacement of CO from combination tvith hemo- 
globin by O 2 . The technique employed was the early form of the Hartridge- 
Roughton (4) method of measuring the velocity of very rapid chemical reactions; 
this method required several liters of solutions for each experiment, and slaughter 
house blood (usually sheep) was therefore used as the source of hemoglobin. 
The results were analysed by the usual kinetic methods of physical chemistry 
and threw new light on the nature and mechanisms of the reactions of hemoglobin 
with CO and O 2 . They were not, however, directly applicable to the analysis 
of the factors, which determine the rate of CO uptake and elimination in man dur- 
ing or after exposure to CO-containing atmospheres, since sheep and not human 
hemoglobin was studied, and furthermore nearly all the u^ork was^done^on 
hemoglobin in solution at 10°C. to 20°C. rather than on the red cell at 37 to 38 C. 

In the present paper I present some data on the rate of the reaction CO^-(- 
02Hb -♦ O 2 + COHb in human hemoglobin solutions and red cells at 37°C. 
From a physico-chemical point of view the data are not complete but those al- 
ready obtained seem suflSciently numerous and definite to justify their use in 
several interesting physiological problems. This fact, together with the uncer- 
tainty as to when the circumstances of the present emergency will permit the 
completion of the missing physical-chemical aspects of the work, makes it seem 
desirable to present forthwith a preliminary account of the kinetic results so far 
obtained. The application of the data to a hitherto unsolved problem, namely, 
the calculation of the average time spent by the red cell in traversing the capil- 
laries of the lung, is, for the convenience of more physiologically minded readers, 
presented in an adjoining paper; here also will be found some further considera- 
tions upon the factors which determine the rate of CO uptake and elimination 
in the lung, for the appraisal of these factors requires knowledge not only of the 
kinetic data of the present paper but also of the average time of the lung capillary 

circulation. • /-»n 1 

Experimental methods. Measurement of the velocity of the reaction LU -+• 
OiHh — ♦ O 2 + COHb. The technique adopted was a modification of the early 
form used by Hartridge and Roughton (4) . The general layout of the apparatus 
is shown in figure 1 . The two reacting solutions, viz., saline solution equilibrated 
with an appropriate CO-O 2 mixture, and blood solution or suspension are pre- 
pared in separate 2| liter glass bottles A and B. These bottles are stoppered 
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with two-holed rubber bungs, the two leads through which connect on the one 
hand with a reservoir of compressed air or O 2 and on the other hand with either 
arm of a simple 2 mm. bore glass T-tap which serves as mixer. The stem of the 
tap is joined to an observation tube of 5 mm. internal diameter and length about 
30 cm. The solutions are driven from their respective containers A and B into 
the glass mixer by applying a pressure of 30 to 40 cm. Hg from the reservoir bottle 
and opening the hemostats on the rubber connections to the mixer. The two 
solutions emerge from the latter completely mixed and thence travel up the ob- 
servation tube, wherein readings of the per cent COHb in the running fluid are 
made at various measured distances from the mixer by means of the Hartridge 
Reversion Spectroscope for CO determination. Such readings, together with a 



in solution or in cells. 


knowledge of 1, the rate of streaming of the fluid along the observation tube 
(usually 15 to 20 cc. per second, corresponding to a linear rate of 75 to 10® cm. 
per second);, 2, the relative deliveries of the two reagents from bottles A md B, 
and 3, the total concentration of each reagent— viz., CO, 0* and hemoglobin give 
all the data necessary for measuring the velocity of the reaction. The expen- 
ments of this paper were all done at 37 to 38'’C., the whole apparatus bemg^t 
up, and the observations taken, in a hot room at this temperature. For fu^er 
information as to the general princi'ples of the method and the calculation of the 
results reference should be made to our earlier papers (10). Some additional 
details however, require mention as to the reagents, etc., used in the pre^nt wor . 

1 . Preparation and estimatim of the CO-<oniaining eolation in bottie A . Bottle 
A was evacuated, transferred to the hot room and 2000 cc. of warm. Ringer- 
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Locke solution of usual strength, or of 2 to 2| times usual strength run in. The 
vacuous phase above the solution was then brought to atmospheric pressure by 
admitting CO gas (prepared from formic and sulfuric acids) or mixtures of CO 
with O 2 or N 2 . The bottle was then rolled on its side for at least five minutes 
so as to saturate the solution with the gas mixture. The O 2 and CO contents of 
the solution after this equilibration were determined by evacuating 5 cc. samples 
in the Van Slyke apparatus and estimating the O 2 content in the usual way. The 
CO content of the gas remaining in the Van Slyke chamber after removal of the 
O 2 was obtained by expelling an aliquot portion into the Scholander-Roughton 
micro-gasometric apparatus and analysing it for CO in the manner described in 
Appendix II of their paper (11). 

2. Preparation and estimation of the red cell suspension or blood solution in 
bottle B. In the case of the red cell suspension experiments 2000 cc. of warm 
Ringer-Locke solution (usual strength) were equilibrated with air or O 2 by 5 
minutes' rolling in the hot room. Thirty to 50 cc. of freshly drawn human 
heparinized blood (from an antecubital vein) were then added and mixed with 
the Ringer-Locke solution by a quick roll. This was repeated periodically 
during the experiment to prevent settling of the red cells. The usual strength of 
Ringer-Locke solution was used in bottle A, 

For the hemoglobin solution experiments distilled water was used in bottle B 
in place of Ringer-Locke solution so that laking of the blood readily occurred 
when 30 to 50 cc. thereof were added. Bottle A on the other hand contained 
Ringer-Locke solution of 2 to 2J times usual strength, so that the total elec- 
trolyte content of the mixture of bottles A and B should be about the same as in 
the red cell suspension experiments. 

A number of confirmatory experiments were also done with citrated human red 
cells suspended in saline; large supplies of these were obtained within 24 to 48 
hours of blood donation from the Massachusetts State Antitoxin Laboratory, 
to whom we are indebted for furnishing this material. In the earlier hemoglobin 
solution experiments with this material, the blood and CO reagent were each 
prepared in Ringer-Locke solution of usual strength, the blood cells having been 
previously laked with 0.2 per cent saponin. This last procedure is less satisfac- 
tory, in view of possible action of the saponin on the hemoglobin: nevertheless 
the results did not differ significantly from those in which no saponin was used. 
Gasometric estimations were made on 5 cc. samples of fluid B according to the 
usual Van Slyke procedures. 

The concentration of hemoglobin or red cells in the streaming fluid was thus 
kept within narrow limits, these being so chosen as to give optimal absorption 
bands for the Reversion Spectroscope measurements. Previous work on sheep's 
blood showed the kinetic results to be independent of wide variations in the hemo- 
globin concentration: hence it was not felt necessary to replace the observation 
tube by others of different diameter, so as to make it feasible, optically, to work 
with hemoglobin solutions of very different strengths. The concentrations of 
CO and O 2 in the mixed fluid were, on the other hand varied 2 to 3-fold, these 
quantities being known to affect the rates of the reactions observed. 
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AU the Reversion Spectroscope determinations were made by ^ ^ 

reduce the subjective element as far as possible, the actual re^s I were 
noted down by my colleague, Mr. F. Sargent, without my knojmg what they 
were. He also regulated the driving pressure apphed to bottles A and^^, 
turned the reagents on and off for each observation and m jt^ “ 

the general conduct of the experiments. I am much mdebted to him for this 

BESULTS AND CALCULATIONS. A: The kinetics of the reacti^ 
CO + OiHb ;^02 + com. In the case of the earlier experiments on sheep s 
blood solution the results were found to be consistent with the equation 


dtCOHb] 

dt 


m'[CO][OjHb] 

m 


mlCOHb] 


The theoretical basis for this equation is discussed m my previous Pape^ 

Over the first half of the reaction, the back reaction velocity term, -mlOUiibj, 
is negligible, so that the equation reduces to: 

d[COHb] _ mlCOllOjHb] 
dt [Os] 


( 1 ) 


Let a = the total concentration of CO in the mixed fluid in ^liinols/liter 
= concentration of dissolved CO + concentration of combmed CO 

= [CO] + [COHb] , ^ . „ r 

^ = total concentration of hemoglobin in the mixed fluid in all forms 

= [COHb] + [OjHb] + [Hb] 
y = total concentration of Oj in the mixed fluid 
= [Od + [OsHb] 
y = [COHb] 

Then equation (1) becomes 

^ ^ m'(a - y)(0- y) (2) 

dt {y + y ~ d') 

[Hb] being neglected because at the concentrations of O 2 used in the experi- 
ments it is throughout very small compared with Equation (2) when in- 
tegrated over the time interval {h ti) gives 


m'iti — k) = 


|3 - a “ 7 In 


+ 


In 


|3 - J/i 


i8 |8 - !/» 


(3) 


a — /3 ' a — yt 

Table 1 shows the application of this equation to a typical experiment on human 
laked blood solution at 37°C. It is clear that the data, of this experiment are 
its SatelTby aquation* (2) and (3). Actually the po^ible m 
reversion spectroscope readings and in the other estimations I nmt the M cuii^ 
of the determination of m' to db 10 per cent as a rule, though occasionally diver 

eencies up to twice this amount are found. u 

Table 2 summarizes the results of eight Buccessful expenmen s on u 
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cells and blood solutions, all at 37°C. but with varying concentrations of CO and 
O 2 . The results for the red cell suspensions are also calculated on the assump- 


TABLE 1 

Rate of reaction of CO 4" 02Hh —>02 + COHh 
a = 0.129 mM., /3 = 0.075 mM., y - 0.745 inM. 


TIME 

%COHb 

a - y 

P-y 

CALCULATION OF w' OVER VARIOUS INTERVALS 

seconds 





0 

0 

0.129 

0.075 

From ^ = 0 to ^ = 0.08, m' = 20.0 

0.08 

24 

0.111 

0.057 

From i — 0 to i = 0.14, rn' = 23.6 

0.14 

40 

0.101 

0.045 

From t — 0 to ^ = 0.22, rn' = 22.6 

0.22 

53 

0.089 

0.035 



Average 


TABLE 2 

Measurements of the velocity constant m' in human red cells and blood solution at 37°C., with 

varying total [CO] and [O 2 ] 


TOTAL (CO] 


TOTAL [O 2 ] 


Ratio [CO] to [Oj] 


Blood solution experiments 


mM. /liter 

0.129 

0.34 

0.213 


mM. /liter 


0.745 

1.73 

0.495 1 

0.69 

0.65 

0.33 


Average for blood solutions 


22.1 

17.2 

23.8 


21.0 


Red cell suspension experiments 


0.129 

0.183 

0.195 

0.105 

0.107 


0.314 

0.41 

0.615 

0.30 

0.664 

0.29 

0.567 

0.185 

0.781 

0.137 



20.7* 

19.9 

23.2 

20.3 
26.2 


22.0 


* The actual figure calculated from equation (3) was 18 8 but an addition of 10 per cent 
+n this was made to allow for the influence of diffusion through the substance of the red 
cdl ThUfTctor recomes important as the [O.] is lowered below 0.6 mM. The correction 
factor of 10 per cent is based on the results given in table 3 and the Discussion (q.v.). 

tion that equations (2) and (3) are applicable. The results with different blood 
samples diverged by less than the experimental error of the method, so no 
separation of the results on the basis of the individual bloods used has been made 
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in table 2 In five of these experiments the agreement with the mean values is 
to within ± 10 per cent: in the other three the discrepancies are +13 per ^t, 
+18 per cent and -18 per cent, so that on the whole the concordance of the 
results with equation (3) is about as good as could be e^cted from the accuracy 
of the method. The changes in total [CO] and total [OJ are seen to without 
significant effect. The mean value of m' for human hemogloto solution a^s 
to^thin 5 per cent with that for the red cells at the high [0*] concentration 
used The significance of this latter fact, and the circumstances under wtoch 
such a concordance would not be expected, will be considered later in the Dis- 

B. The kinetics of the reverse reaction Oi + COHb -> CO + The rate 

of this reverse reaction was previously found to be expressible by the equation 

(4) 


d[COHb] ^ _^[COHbl 


dt 

Integration over the time interval b to b gives 

m{t 


_ tCOHblx 
[COHbS 


( 5 ) 


The theoretical basis of this equation was also discussed in 

(10). In several tests it was furthermore verified m the case of buffered sheep 

hemoglobin solution at 15°C. that 

^ = M = [OdlCOHbl/lCOllOsHb] (6) 

m 

where M is the equilibrium constant of the reaction 

CO + 02Hb O 2 + COHb 

It is reasonable to assume that equation (6) must also apply both to human 
hemoglobin solutions and to red cell suspensions at 37 C. smce: (a) ^veral 
investigators (2, 3) have shown that the equilibnum of the reaction CO + 
0«Hb Oj + COHb conforms to equation (6) m the case of human blood at 
body temperature and that the value of M is the same for whole as for la^d 
blood, and (b) the reaction 0. + COHb - CO + O.Hb has been found to p^ 
at the same rate in the red cell as in solution, in the case of sheep blood at 15 C^ 
(10). There is no ground for supposing that change of species and temperature 

should alter -this concordance in iates. , a j , 

The best value for M in human blood at 37 to 38°C. is that given by Sendroy 
Liu and Van Slyke (12), namely, 210. These authors found no mdmdual 
variations within the species in M for either human bloc^ or ox blood, exceeding 
the limits of experimental error. 

According then to equation (6) 


m 


m! I'M = 21/210 = 0.1 for human hemoglobin and red cells at 37°C. 

From equation (6) the time for half dissociation of human hemoglobm at 37°C. 

In 2 


in solution or in the red cell = 6.9 secs. 
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To verify these results experimentally would require check estimations of M, 
together with determinations of m at 37°C. The measurement of M by the mod- 
em gasometric technique is easy and accurate: no very satisfactory procedure is, 
however, available at present for determining m at 37°C. Of the two methods 
used previously (10) for w, one— the shaking method— is impracticable at 37°C., 
whereas the other — the rapid flow method — ^has been found to give only very 
rough results under these conditions. This is one reason why the required tests 
have not yet been made; another is that the indirect type of calculation of m 
by equation (6) has proved so reliable in the case of other hemoglobin reactions 
(7) that there can be little doubt of its validity in the present case. 

C. Rough determination of rate of uptake of Oi hy reduced human red cell suspen- 
sions at S7°C. An idea of the order of magnitude of the speed with which re- 
duced (i.e., Oe-free) human red cell suspensions take up O 2 at 37°C. was required 
for several purposes, of which one, the estimate of a minimum value of the dif- 
fusion constant of the red cell membrane to O 2 or CO, is made use of in the Dis- 
cussion. It was obtained as follows: 150 cc. of warm Ringer-Locke solution 
(1.2 times normal strength) were equilibrated in a 300 cc^^ tonometer with 
oxygen, by shaking the tonometer in a water bath at 39.5 C. In a second 
tonometer, 150 cc. of similar warm Ringer-Locke solution were first deaer- 
ated by repeated evacuation and shaking; 15 cc. of freshly draAvn human 
heparinized blood were similarly deaerated in a separate tonometer, and 10 cc. 
thereof were transferred therefrom by means of a syringe to the deaerated Rmger- 
Locke solution, with which it was completely mixed. The two tonometers were 
then joined up to either side of a 2 mm. bore T-tap, and the two fluids driven into 
the mixing space of the tap by means of compressed air of J atmosphere pressure. 
The mixed fluid emei^ing therefrom and streaming down the observation tube 
showed a color gradient ranging from the purple color of reduced hemoglobin 
(at the beginning of the observation tube) to the scarlet of oxyhemoglobin. 
The distance to which the color gradient extended up the tube was roughly 
measured by eye and was found to be 5 ± 1 cm., at a rate of flow of 240 cm./ sec^ 
Thus the time to reach about 90 per cent OjHb in the red cells = 0.02 ± 0^004 
sec. with an average pO, = i [330 mm. Hg (initial pressure of O 2 m mixed fluid 
surrounding cells) -f- 110 mm. Hg (final pressure of O 2 m mixed fluid surroundmg 
cells)] = 210 mm. Hg. The process observed depends upon the speed of three 
processes: a, the diffusion of O 2 through the red cell membrane; b, the diffusion 
of O 2 through the substance of the red cell; c, the combination of O 2 with 
hemoglobin in the cell. A minimum value for the speed of process a is 
obtained by assuming that processes h and c are instantaneous m comparison 
therewith. On this basis, the minimum value for the diffusion constant of the 
red cell membrane (for red cells suspended in Ringer-Locke solution) is such as 
to give an increase of per cent 02 Hb in the cell = 90/(210 ^ ^ 

per cent 02 Hb per sec. per mm. Hg gradient of partial pressure of O 2 across 
the red cell membrane. For CO the corresponding figure would probably be 
about 15 per cent lower, i.e., 18.0, assuming the same ratio of CO and O 2 diffusion 
constants through the membrane as for the diffusion constants of O 2 and CO m 
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water. The actual values, according to the suggestions of previous work (9), 
are probably not less than twice this minimum figure. I hope that it will later 
be possible, with the aid of the improvements in the rapid reaction velocity 
methods introduced by Chance (1) and Millikan (7), to obtain much more ac- 

curate estimates. n u?. 

Discussion. The significance of the concordance in rates of the CO + O^Hh 
^02 + COHb reaction in hemoghhin solution and in the red cell In solution 
the reaction is a straightforward homogeneous process, dependent for its rate 
only on the concentrations of the reagents and the size of the velocity constants. 
In the red cell four other processes are also involved: a, diffusion of CO inwards 
through the red cell membrane; 6, diffusion of CO through the substance of the 
red cell; c, diffusion of O 2 through the substance of the red cell; d, diffusion of O 2 
outwards through the red cell membrane. The question now to be discussed 
is whether these processes are all so fast as compared with the speed of the 
primary chemical reaction, that the concordance in rates in solution and in the 
red cell must be due to the primary reaction rate being the same in solution as 
in the red cell and being the limiting factor in the latter case. 

Processes a and d can be handled by means of the minimum value of the 
diffusion constant of the red cell membrane, which has just been calculated. 
Let us, as an example, take the last experiment given in table 2. 

The maximum rate of decrease of the red cell per cent 02Hb in this case = 
300 per cent per sec. 

The maximum difference of O 2 pressure (A PO 2 ) required across the membrane 
to maintain this rate = 300/21.5 = 14 mm. Hg, which is only 2.8 per cent of the 
average O 2 pressure in the suspension fluid (pO* corresponding to the initial con- 
centration of dissolved O 2 of 0.706 mM. [O 2 ] at 37'C. = 500 mm. Hg). 

Similarly the maximum difference of partial pressure of CO (A pCO) across the 
membrane = 300/(18) = 17 mm. Hg which is 14 per cent of the averap CO 
pressure of 122 mm. Hg in the suspension fluid at the beginning of the pperiment. 
This second figure is itself appreciable but it may be as much as twice too high 
if the assumed minimal values for the diffusion constant of the red cell membrane 
are, as suggested above, only half or so of their true values. It seems fair to 
conclude that the influence of diffusion through the red cell membrane should 
be practically within the limits of error in determining m', provided the [O 2 ] 
exceeds 0.6 mM. At lower values of [O 2 ] the rate of the primary reaction (i.e., 
m' [CO] [02Hb]/[02]) might definitely be large enough to involve an appreciable 
A pCO across' the membrane. This is one reason why the [O 2 ] was kept a,t about 
0.6 mM or over in most of the red cell suspension experiments so far carried out. 

The diffusion of CO and O 2 inside the substance of the red cell is not really 
separable from the concurrent chemical reaction CO -t- 02Hb —>02 + COHb. 
Consider for example the state of affairs in the layer of hemoglobin bounded by 
planes distant x and x + Ax respectively from the surface of the red cell. At 
any particular instant of time t there will exist a certain gradient of CO pressure, 
A p, across this layer: this gradient is in part responsible for the reaction of CO 
with the hemoglobin in the layer during the time interval A t succeeding t, 
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and in part for the diffusion of CO through the layer during A ( to enter parts 
of the red cell beyond the plane a: + A x. Similar considerations apply to the 
movement of O 2 within the red cell. The problem can only be treated the- 
oretically by some adaptation of the methods I used in a previous paper (9) 
on “Diffusion and chemical reaction velocity as joint factors in determining the 
rate of uptake of oxygen and carbon monoxide by the red blood corpuscle.” 
In this paper I developed theoretical formulae for the rate of entry of O 2 or 
CO into a layer of hemoglobin solution of the same average concentration a,nd 
thickness as the red cell. The mathematical equations involved both diffusion 
and chemical reaction velocity constants and were too complicated to solve 
exactly. I was, however, able to obtain maximum and minimum solutions 
which were close enough to one another to enable the true solution (which must 
lie between them) to be reached to within a numerical accuracy of ± 10 per 
cent, over a considerable range for each process. 

These formulae cannot be directly applied to the present problem since in 
this case there are two gases, CO and O 2 , diffusing instead of only one. if, how- 
ever, the O 2 is present in considerable excess over the CO, as in the last two 
experiments of table 2, it can be shown that only a small error is made if its con- 
centration is taken as constant. The maximum and minimum rate solutions 
of my previous paper then become directly applicable. 

Table 3 shows a comparison of the rates of CO uptake as calculated in this 
way by a, human hemoglobin solution at 37°C. in presence of a constant partial 
pCO = 200 mm. Hg, and 3 different constant partial pressures of O 2 covermg 
the range used in table 2; 6, a layer of human hemoglobin solution at 37°C. 
and of the same average concentration and thickness (2 m) as that present in the 
red cell. In this case the maximum and minimum solutions are given. It will 
be seen that the maximum and minimum rates are within 14 per cent of each 
other, and their mean is within 6 per cent of the rate in plain solution in the 
case of the two higher partial pressures of O 2 , but a divergence begins to appear 
as the PO 2 is lowered and the rates of the chemical reaction increase beyond a 
certain limit. This result is in general accord with the conclusion of my pre- 
vious paper (9) that the slower the chemical reaction involved, the greater 
the tendency for the overall rate in the red cell to agree with the rate m solution, 
'provided that the reaction kinetics are the same for the hemoglobin in the con- 
centrated milieu of the red cell as in solution. Conversely the finding of an 
equality between the rate of the over-all reaction in the red cell and of the simple 
reaction in solution, is strong evidence that the reaction kinetics are in fact the 
same in the two cases. 

Note on the reactivity of hemoglobin in solution and in the red cell. Hill and 
Wolverkamp (5) have reported a larger difference between the position of the 
oxyhemoglobin dissociation curve of red cell suspensions and of laked hemo- 
globin solutions than they feel can be explained by pH effects. The oxyhemo- 
globin dissociation curve is, however, also affected by other electrolytes besides 
the H"*" ion (13) and no comparison is known to me in which the concentrations of 
all electrolytes inside the red cell have been duplicated in a solution of hemo- 
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dobin. The velocity constants of m, m', and the equilibrium oi 

the CO + OjHb ^ Os + COHb are, on the contrary, very little, if at all, affected 
by pH or electrolytes. The experimental concordance in the values of M,m 
and m' in solution with their values in the red ceU (provided in the case of m 

TABLE 3 

./ rat,. ./ to CO + OM^O, + COM to Ma. a«t to 

red cells for human blood at S7 C. _____ 


[CO] 

^CO 

lOtl 

pOt 

TIME 

%COHb 

IN SOLU- 
TION 

%cc 

Maximum 

mU.lliter 

mn. Bg 

tttM. inter 

mm. Hg 

secs. 



0.216 

200 

1.0 

710 

0.05 

19 

19 

0.216 

200 

0.6 

425 

0.05 

29.5 

29.5 

0.216 

200 

0.3 

212 

0.025 

29.5 

26.8 

0.216 

200 

0.3 

212 

0.050 

50.6 

50.0 

0.216 

200 

0.15 

106 

0.0125 

29.5 

26.5 

0.216 

200 

0.15 

106 

0.025 

50.6 

48.8 


SUSPENSION 


17.4 

26.5 
24.2 

43.0 

19.0 
39.8 


Mean 


18.2 

28.0 

25.6 

46.5 

22.8 

44.3 


mean cell 

SATE 


SOLUTION 

SATE 


0.96 

0.95 

0.87 

0.92 

0.77 

0.87 


Assumptions: 

(1) Rate in solution is given by 
[ CO ] 


where k* 


m 

ioTi 


d[COHb] 
dt 

21 X 0.00108 


fc'pCOlOsHb] 
0.0217 


at 37*C. 


V^tanh(|/^) 
ven oy inequality (X) (9, p. 25) 


iv/« pco ' [Os] lOJ 

(2) Maximum rate is given by inequality (IXc) of my previous paper (9, p. 22) 

/- /- PCOJ " 

viz. V 2/0 — V ^ < 26 

(3) Minimum rate is given by inequality (X) (9, p. 25) 

' i t “\ / A 

2D 

viz. Vo - ■9> ^ 

where y, - initial concentration of 0,Hb in red cell, expressed in cc. O, combined 
per cc. red cell contents 0.4 

y - average value of OjHb in red cell at time t expressed in same units 
26 » average thickness of human red cell = 2 m = 2 X 10 ‘ cm. 

D » diffusion constant of red cell substance to CO 

- cc. CO diffusing per sec. through layer of 1 sq. cm. area, 1 cm. thickness 
under a pressure gradient of 1 mm. Hg across layer « 4.5 X 

(4) Average per cent COHb^t tilne t = 100 - average per cent 0,Hb at time t = 




that the [Os] is made high enough for the influence of diffusion m the red cell 
to be unimportant) therefore suggests that the concentmtion and state of t 
hemoglobin in the red cell do not, per se, appreciably change the reactivity of 
the molecule with Oj and CO. Such differences as there are from hemoglobin 
in solution would seem to be more likely due to the contiguity of the other sub - 
stances present in the red cell. 
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Scope of further experimental work. The main gap in the present data on red 
cell suspension is in the lack of sufficient variation in [O 2 ]. For the reaction to 
conform to the equation d[COHb/d<] = m'[C0][02Hb]/[02] it is true that the 
concentration of reduced Hb must be very small compared with that of the 02Hb, 
The [O 2 ] could, however, have been reduced to as low as 0.15 mM without the 
reduced Hb exceeding 2 per cent of the total Hb concentration. At [O 2 ] = 

0.15 mM, table 3 shows that the rate in red cell suspensions should have been 
20 per cent or so less than the rate in solution if the diffusion of CO through the 
substance of the red cell alone be taken into account. When the effects of a, 
the diffusion of O 2 through the substance of the red cell, and h, the diffusion of 
both gases through the red cell membrane are added, a difference of perhaps 
as much as 40 per cent might be expected. This should be experimentally 
detectable beyond doubt, and it would consequently be very interesting to 
carry out such a series of experiments. Other factors which should be studied 
are the effect of temperature and pH, and also the influence of changes of [Na] 
to [Ca], in the suspending fluid and of other factors (e.g., presence of plasma 
protein) which might be expected to alter the permeability of the red cell mem- 
brane. In addition, data on a wider range of individual bloods in different physi- 
ological conditions are obviously desirable. The present data at high [O 2 ] are, 
however, adequate for the physiological applications made in my adjoining 
paper, provided it is fair to assume that the permeability of the red cell mem- 
brane in the circulating blood is not markedly lower than its in vitro value in 
Ringer-Locke solutions at 37 °C. 


SUMMARY 

1. Measurements are given of the velocity with which CO displaces O 2 from 
combination with human hemoglobin in solution and in unlaked red cells at 37°C. 

2. The kinetic data conform to the same equation as has been established for 
sheep hemoglobin solution at 10 to 20®C., namely, 

d[COHb] ^ m1CO][02Hb] _ ^[cOHb] 
dt O 2 

3. At [O 2 ] values of 0.6 mM and over, the value of m', i.e., 21.0, is within error 
the same for hemoglobin in solution as in the red cell. This indicates that at 
high [O 2 ] values diffusion through the membrane and substance of the red cell 
has no limiting effect on the velocity of the overall reaction. At lower [O 2 ] 
values theoretical calculations suggest that the rate in the red cell would be less 
than in solution but this has not yet been experimentally verified. 

4. The value of m at 37'’C. is 0.1. The time for half dissociation of human 
COHb is thus 6.9 seconds in the body. 

5. A minimum value for the permeability of the red cell membrane to O 2 is 
given. 

6. The kinetic data of this paper are available for several physiological prob- 
lems such as the rate of uptake and output of CO from the human body and the 
calculation of the average time spent by the blood in the lung capillaries. 
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In an adjoining paper (3) on the rate of CO uptake by man under various con- 
ditions it was shown that substitution of oxygen for air in CO-containing atmos- 
pheres led to a drop in the initial rate of CO uptake, amounting on the average 
to 23 per cent at rest and to 38 per cent during hard work. This difference was 
attributed to the slower rate of reaction of CO with hemoglobin at high O 2 
pressures, in consequence of which a more appreciable back pressure of CO 
develops in the blood in the lung capillaries when breathing CO in Ou than when 
breathing the same per cent CO in air. In the present paper I propose to make 
use of this observed difference, together with recent data (14) on the rate of 
chemical reactions between CO and human 02Hb both in solution and in the 
red cell at 37°C., in order to calculate approximately the average time spent by 
the red cell in traversing the capillaries of the lung. Whilst the blood is in this 
location it is in very intimate contact with the air of the alveoli and the atria of 
the lungs (the area of the intervening membrane is of the order of 50 to 100 sq. 
m. and the thickness is of the order of 1 to 2 m).; only here, indeed, are conditions 
suitable for an adequate exchange of O 2 and CO 2 between the air and the blood 
to occur by diffusion. In any attempt to work out the detailed kinetics of normal 
O 2 and/or CO 2 exchange in the lung, it is accordingly necessary to know not only 
the area and thickness of the alveolar membrane (as expressed by the ‘T)iffusion 
Constant’’ (10) of the lung) and the speeds of the chemical processes in the blood, 
but also the average length of time during each circulatory cycle in which these 
changes are able to occur. 

No data have, to my knowledge, existed heretofore as to the magnitude of this 
physiologically important time interval. In previous computations of the kin- 
etics of gas exchange between the blood and the alveoli (6, 12) average times of 
the order of 1 to 5 seconds have usually been assumed, though without any quan- 
titative basis other than the general impression given by microscopic observation 
of the speed of capillary blood flow and of the length of the capillaries. Numer- 
ous estimates have, of course, been made of the total circulation time through the 
lungs either by I, division of the total amount of blood estimated to be present 
in the lungs by the cardiac output per minute; 2 , injection of tracer substances 
into the jugular vein, followed by noting the time of their appearances in the 
artery. Such methods have given times of the order of 3 seconds in the case of 
mammals, including man, but there has been no indication as to what fraction 
of these “total” lung circulation times is represented by the passage through the 
alveolar capillaries. 
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The method of calculation now to be described gives an answer correct prob- 
ably to about ± 30 per cent, to this unsolved problem concerning the i^pira o^ 
SUs "n ht lunp. The figures so obtained are later appU^ in this paper to 
a bST^onsiLation of the factors limiting the rate of CO uptake and ehmin^xon 
iZs In future work it is hoped to apply the data to the kmetics of O, 
and CO, exchange in the lungs, wherein several questions are still outstandmg 

the method of calculation. Elsewhere I have shown that 
the^ldW the reaction CO + 0,Hb -> 0, + COHb for human red ceUs m 
vitro, in presence of high concentrations of 0, at 37°C., is given by e equa 

d[COHb] _ -d[0,Hb] ^ m'[CO] ^ ^ 2^^ [0,Hbl (D 

“ — di dt [0,1 10*1 

I assume that this equation applies in vivo in the lung capiUaries when a man 
breathes 0, containing a low percentage of CO. If so, then 

rz. = rate of formation of COHb in the lung oapUlaries 

^ 21 X 0.77 X PCOl [QjHb] (2) 

?02j, 

where fiCOt is the average pressure of CO in the lung capillanes 
pOi is the average pressure of 0, in the lung capillanes 
and the factor 0.77 is the ratio of the solubility coefficients o 

at 37°C. 

^0,^ is calculated from the equation 

(Average alveolar pO, - pO,J X Diffusion Constant (3) 

of the lungs to 0, = cc. 0, absorbed per mmute 

pCOi. is calculated to within ± 10 per cent by the method described below in the 

“"St™ of ioo'oaee of CO in the Wood duiins the 0,-breathing 

experiment. 


Then 


Tl 


th 


(4) 


where t. = average time spent by the blood in the lung capillaries, 
ig — average time of the total circulation, 

= 60 B/C seconds, 

B = total blood volume in liters, 

C = cardiac output in Uters per minute. 

The only unknown in equation (4) is t,, the quantity who^ mm 
The TZm why equation (4) must hold good is that formation of COHb can 
an^oeTo^ytcurto an a^ciable extent whilst the blood is actuaUy m the 
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lung capillaries in close contact with the alveolar air. The excess of CO in phys- 
ical solution in the blood at the moment the latter leaves the lung capillary wll, 
it is true, nearly all combine with the hemoglobin later, but the actual maximal 
increase in per cent COHb caused thereby can be shown to be only of the order 
of 1 to 2 per cent of the increase in per cent COHb which occurs during the tran- 
sit through the capillary. Thus, in the example presently to be given, the in- 
crease in per cent COHb during each passage thiough the lung capillary works 
out at about 0.37 per cent. The pCO at the moment of leaving the lung capillary 
is about 0.05 per cent atm. = 0.000009 cc. dissolved CO per cc. of blood, which is 
chemically equivalent to 0.0045 per cent COHb, i.e., to 1.2 per cent of 0.37 per 
cent COHb. During the whole of the rest of the circulatory cycle, the rate of 
formation of COHb is thus effectively nil, so that the rate of increase of COHb 
in the circulation divided by the rate of increase of COHb in “in vitro experi- 
ments under the same conditions must equal the ratio of the average time spent 
by the blood in the lung capillaries to the average time of the whole circulation 
as equation (4) states. 

Calculation of thin a typical example of hard work. The remaining steps in the 
method are best seen in working out an actual example, based on the experiment 
on W. F. at hard work (see table 3 of reference 3), whilst breathing CO, in air 
on the one hand, and in O 2 on the other. 

The average alveolar per cent CO during the respiratory cycle was obtained as 
described later. The values were: 

0.051 per cent atmosphere for the CO in the air experiment, and 
0.086 per cent atmosphere for the CO in the O 2 experiment. 

The observed rate of increase of COHb = 1.35 per cent per minute for the air 
experiment and 1.0 per cent for the O 2 experiment. (Given in table 3, reference 
3 in vols. per cent, i.e., as 0.27 and 0.20 respectively.) 

The alveolar per cent O 2 , in the 02 -breathing experiment, 

= 98 per cent (allowance of 2 per cent for N 2 impurities)— pressure of 
water vapor in alveolar air — alveolar pC 02 
= 88 ± 1 per cent atmosphere 

Assuming an O 2 uptake of 1800 cc. per minute in hard work and a Diffusion Con- 
stant of the lungs of 60 we have 

(88 - PO 2 J X X 60 = 1800 

whence p02l — 84 per cent atmosphere. To obtain PCOl we first find a mini- 
mum value and then a maximum value of this quantity. These two extreme 
values are found to agree to within 20 per cent, and their arithmetic mean can- 
not therefore diverge by more than db 10 i>er cent from the true value of pCOh- 

The minimum value of PCOl is obtained as follows: The rate of CO uptake 
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both in the air and the O, -breathing experiments must be proportional to the 
gradient of CO pressure across the lung membrane. Therefore 

Bate of CO uptake in Oa ^ 1.0 
Rate of CO uptake in air 1.35 

_ 0.0 86 per cent atmosphere — minimum pCOi 
~ 0.051 per cent atmosphere — zero 

since the average pressure of CO in the lung capUlaries in the air f P^jiments c^^ 
not be less than zero. From equation (5) minimum value of pCOi, • 
per cent atmdsphere. The maximum value of pCOz, is obtained as follows. 

Let y = maximum value of pCOh in the air experiment 
3 = mn-yimiim value of pCOx, in the O2 experiment. 


Then by the same argument as in the case of equation (5) 


0.086 


0.051 - y 


LO 

1.35 


( 6 ) 


The rate of the chemical reaction CO + OzHb -^ 02 + COHb in the blwd oi 
the lung capillaries must also be 1.0/1.35 smaller in the O2 experimen an 1 
the air experiment. Therefore by equation (2) 


21 X 0.77 X z 


/ 21 X 0.77 X y_ _ ^ 1 0/1.35 

t/ «02t in air experiment 


(7) 


pOti in O2 experiment / pO^i, in air experiment 

The p02r in the O2 experiment, as calculated above, is 84 per cent atmosphere. 
If a greater value for the pOji, in the air experiment is assumed than could have 
actuW existed, it can be seen that the values of y and z as given by numerical 
solution of the simultaneous equations (6) and (7) would bothbe grea er ^ 
their true values and would accordingly be maximal values. On this bas^ the 
pOn in the air experiment is taken as 13 per cent atmosphere, this bemg the 
PO2 in the arterial blood leaving the lungs, when breathing air at sea level 
This rather difficult point may be explained in another way as follows: Smce the 
rate of reaction of CO with the hemoglobin of the red cells J" 
is inversely proportional to the pOi (accordmg to equation (2)), the CO would 
unduly hindered from combining with hemoglobin and would thus build up a 
higher back pressure in the blood than it actually does, if the ^alue Msumed for 
the pOi is greater than the true value. The latter is certamly the case if the ar- 
terial pOt is used in place of the average pOi,, in the air breathmg expenmen . 
Equation (7) on this basis reduces to 


i. /j'- = 

84/ 13 


1.0/1.35 


( 8 ) 


Solving the simultaneous equations (6) and (8) we find 

y = 0.012 per cent atmosphere, ^ = 0.057 per cent atmosphere. 

The mean value tor pCO. thus - 1/2(0:048 + 0.057) - 0.052 

phere. This mean value, as mentioned above, must certamly be withm ± 10 
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per cent of the true value. For the Os-breathing experiment on W. F. equation 
(2) then gives initially 

^ ^ ^84^ ^ [OsHb] = 1 per cent COHb per second, 

assuming that at the start the [OsHb] = 100 per cent (see later). 

The observed initial rate of CO uptake by the circulating blood, Tb, was in this 
experiment 0.017 per cent COHb per second. 

According to Asmussen’s data (1) the average cardiac output in liters per 
minute for this grade of work = 0.22 times the body weight in kgm. (73 for the 
subject W. F.) = 16 liters per minute. The blood volume by the 7’-1824 
method, was 5.8 liters. 

= 60 X 5.8/16 = 21.7 seconds 
Therefore, by equation (4) 

X ^ = 21.7 X ^ = 0.37 second. 

Since rz, was shoivn in this experiment to be 1 per cent COHb per second, the 
blood COHb must increase by 0.37 per cent each time that it passes through the 
lung capillary (during the early phase in which the uptake rate is linear) . It will 
be recalled that the figure of 0.37 per cent COHb was used earlier in the proof 
that the lung capillary is the sole seat of COHb formation during CO uptake. 

Data on tv at rest and in hard work, their accuracy and relation to other physio- 
logical results. Table 1 summarizes the values of tL calculated in the above way 
from the data given in tables 2 and 3 of the adjoining paper by Forbes, Sargent 
and Roughton (3). The accuracy of the overall calculation, assuming the 
theoretical premises on which it is based are correct, depends principally on the 
numerical accuracy of five factors used in the procedure : 

(a) The blood volume — this was measured by the T-1824 dye method. The 
absolute accuracy should certainly be within ± 10 per cent. 

(b) The cardiac output — the values were not measured but were calculated 
from the formulae given by Asmussen (1), viz., surface area in square meters 
X 2 49 for rest, and weight in kgm. X 0.22 for a grade of hard work equivalent to 
that used in our experiments. These assumed values (according to Asmus^n s 
data) probably do not diverge by d= 15 per cent at the most from the 

(c) The velocity constant, m', of the reaction CO + 02Hb ->02 + COHb 

the same value, viz., 21.0, has been assumed for all the subjects in table 1, and 
is based on the new kinetic data given in my adjoining paper (14), wherein no 
significant difference was found between the blood of different individuals. Ihe 
value of 21.0 is probably accurate to ±10 per cent. ^ . . ri 

(d) The average pCO in the alveolar capillary blood, pCOi,, in the O 2 experi- 
ments— the uncertainty in this quantity in the detailed example worked out 
above was at most about ±10 per cent of itself, and the same is true in all 
other cases so far calculated. 



626 


P. J. W. BOtrOHTON 


(e) The average alveolar per cent CO — ^in the case of the experiments in hard 
work this was calculated by means of Bohr s formula. 

(Volume of tidal air) X per cent CO in expired air = (Volume of tidal air - 
Dead Space of Lungs) X average per cent CO in alveolar air + w 
(Dead Space of Lungs) X per cent CO in inspired air. 

According to the researches of Krogh and Lindhard (9), in contradistmction to 
those of (4) and of Henderson et al. (5), this method of calculating the 

average composition of the alveolar air during work gives at least bs satisfactory 
an answer as the average of samples taken at different phases of the respiratory 

TABLE 1 

CalculationB of average time spent by the blood in the lung capillaries, Ib, for men at rest 

and in hard work 


SUBJECT 


W. F. 


Air 


Average alveolar pCO 

(% atm.) |0,053 

Minimum pCOi (% 

atm.) 0-0 

Maximum ^COl (% 

atm.) 0.0163 

Assumed pCOi {% 

atm.) 10,0081 

n in % COHb/second, 

Blood volume in liters. 
Cardiac output in 

liters/minute 

ta in seconds 

ra in % COHb/second. 
ti, in seconds 


Os 


0.117 

0.077 


F. C. 


Air 


0.057 

0.0 


Os 


0.0876i0.0114| 
0.082 


Average (l in sec- 
onds 


— 11.64 
5.8 

4.7 

74 

— |0.0132| 
0.61 


0.005710.066 
1.23 
6.8 


10.113 

io .060 

io.071 


W. F. 


Air 


0.051 

0.0 

10.012 

0.006 


Os 


5.2 
78.5 

- l0.0133| 
0.85 


0.73 d=0.30 (rest) 


0.086 

10.048 

0.057 

0.052 

1.0 

5.8 


j. E. 


Air 


10.086 

io.o 

10.016 


Os 


lo.ioi 

0.050 

10.060 


F. M. 


Air 


10.008 0.055 
- 1.06 
5.1 


0.112 

0.0 

0.016 

0.008 


16.0 

21.7 

— 10.017 
0.37 


Os 


0.119 

0.052 

0.062 

0.057 

1.08 

5.7 


16.2 
18.9 

- |0.0183| 
0.33 


18.5 

18.5 

- 10.0183 
0.31 


0.34 ±0.1 (hard work) 


cycle, which are technically difficult to obtain and define when the breat^g is 
rapid and de<?>. More recent work has confirmed the contention of Kr^h, and 
has furthermore supported his view that the increase in dead space dunng exer- 
cise does not amount to more than about 50 per cent of the resting vdue, as 
against other claims of a several hundred per cent mcrease. Actu^y m hard 
work the volume of tidal air (1500 to 2000 cc.) is large compared with the dead 
space, so that the actual value assumed for the dead space m equation (9) 
but Uttle effect on the calculated value for the average alveola per cent CO. 
Thus in the case of subject W. F. (weight 160 lbs., height 5 ft. 10 m.) the follow- 
ing calculated results are obtained: 


Volume of dead space in cc 100 

Average alveolar pCO in per cent atm 0.055 


200 

0.051 


300 

0.048 


400 

0.043 
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The actual values assumed for the dead space in the subjects of table 1 were 200 
cc. in the case of the medium sized subjects, W. F. and J. E., and 250 cc. in the 
case of F. C. (weight 200 lbs., height 5 ft. in.). The uncertainty in the average 
per cent CO in the alveolar air so obtained is probably not more than ±10 per 
cent of itself. The same is true of the values used in the resting experiments, 
which were based on directly measured Haldane-Priestley alveolar samples. 

Other factors which enter into the calculation of /t are the observed rates of 
CO uptake and the average pOa in the alveolar capillary blood in the O 2 experi- 
ments. The possible errors in these quantities are, however, much smaller, 
i.e., only 2 to 3 per cent. 

The Tnn.viTniTm error to which the calculated value of it would be subject, if 
all the errors in the quantities on which it depends happened each to be maximal 
and in the same direction, mounts up to ±60 per cent. It is much more likely, 
however, that some balancing of sub-maximal errors occurs, and on this account 
it seems conservative to assume an overall error, at most, of half the above 
amount, i.e., ±30 per cent, for it in work and a rather poorer accuracy for it 
in rest, owing in the latter case to the smaller difference between the observed 
CO uptakes in the air and O 2 experiments respectively. On this basis, the 
average figures for it in table 1 are given as 0.75 ± 0.30 second at rest, and 
0.34 ± 0.10 second in hard work. 

The possibility of theoretical sources of error in the calculation of it must now 
be discussed. In computing the value of rt, the rate of COHb-formation in the 
lung capillary whilst breathing CO in O 2 , it was assumed that the amount of 
reduced hemoglobin in the red cell was negligible throughout the whole capillary 
even at the very beginning. Such, however, is not the case, for the mixed venous 
blood, when breathing O 2 , contains at most 75 to 80 per cent oxyhemoglobin, 
and therefore when the blood enters the lung capillary 20 to 25 per cent of the 
hemoglobin is in the reduced form and hence is capable of reacting with CO far 
more quickly (11) than equation (2) indicates. Neglect of this point would make 
the calculated value of it too high, but in actual fact the error is insignificant 
owing to the size of the gradient of p 02 from the alveoli to the blood at the be- 
ginning of the capillary (ca. 80 per cent atm.) as compared with the size of the 
CO gradient (ca. 0.05 per cent atm.). Assuming an O 2 Diffusion Constant for 
the whole lung of 40, and an initial p 02 gradient at rest of 86 per cent (alveolar 
PO 2 ) less 5 per cent (average p 02 in mixed blood) = 81 per cent atm., it follows 
that the initial rate of uptake of O 2 will be at the rate of (81 X 760 X 40)/100, or 
of 24,600 cc. O 2 per minute, which is about 100 times the average rate at rest. 
This means that the red cells, when O 2 is breathed, must become practically 
100 per cent saturated vdth O 2 by the time they have proceeded along the first 
one-hundredth of the lung capillary. Only during such time (i.e., of the order 
of 0.005 sec.) is appreciable reduced hemoglobin available in the cell to combine 
directly with the CO. Under the resting conditions given in table 1, the per 
cent COHb which could be formed in this time by direct combination of CO 
with Hb can be calculated to be about 0.006 per cent, which is only of the order 
of one-fiftieth of that formed according to equation (2) in the remainder of the 
capillary, as indicated by the previous calculations and results of table 1. A 
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similar result is found in the conditions prevaiUng during hard work, and it may 
X^Tncludi that negh^t ot the mluced hemoglobin pt^t m the rrf 

S at^Tbeginning of the eapiUaty does not cnee the cleulated value of U 
point of possible criticism is that the 

tarion bS>r« the assumption that the dlffemnces in rate of CO uptake m the 
air and the Oi experiments are enHrdy due to the much greater ac pressure 
CoTsCo!) rto blood in the latter instance. It hM, bemt tactly assumrf 
that there are no signihcant differences in blood volume, cardiac output, condi- 

tions of circulation in the lungs, permeabUity of the lung “ 

O. is substituted for air whether at rest or m hard work. It has also oeen as 
Slimed that the rate of displacement of On from hemoglobin m the red cell m vivo 
lit S the vl experiments at zrC. in my Oth 

Althouirh it must be admitted that there is no rigorous certainty that such 
flssiimntions are correct it seems reasonable to accept them and the consequences 
Shlrlm tht; unless and until dehnire evidence to the contrary » 

’’'Ttebelt’w'ol checking the correctness of the values clculat^ for !r would 
be to “mpare them with the results obtained by some more duct method 
Dri ? (private communication) has pointed out to me t^t .t ,^ht 

1 be nossMe from photographs of the circulation in the lungs of mim* 

d estimato ot the value of Is in the resting animal. It should also 
Mt be too difficult in a well-trained animal, to make the observations necesciy 
tor ^l^tl <1 by the indirect method gh» in ^ 

TeLiltog ffie blSlllnllic oull, andTollecting bW samples 

'“^1 It is easy to see that the total volume of blood.preaent in the patent lung 

the bard 

irit'thrt"— on entad^ thmeby does not apparently 
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lead to the opening up of many new capillaries, a conclusion already suggested 
by Krogh’s measurements of the CO Diffusion Constant of the whole lung, which 
likewise showed only an increase of about 60 per cent in hard work. 

If n is the number of patent alveolar capillaries, I their average length, and r 
their radius, then 

nhr^ = 60 cc. at rest and 95 cc. in hard work. 

Assuming with Krogh (8) that r is the same as the radius of the red cell = 
3.5 X 10“‘ cm. it follows that the total length of all the lung capillaries, nl, = 
1.56 X 10* cm. = 970 miles at rest, and 2.48 X 10* cm. = 1540 miles in hard 
work. The total area of the walls of the lung capillaries = 2nlxr = 3.8 X 10 
sq. cm. = 38 sq. m. at rest, and 6 X lO"" sq. cm. = 60 sq. m. in hard work. 

The total area of the alveolar membrane has been estimated from microscopic 
measurement to be of the order of 50 to 100 sq. m. (17) in man, and of this one- 
half to three-quarters is probably occupied by capillaries. The above figures 
for the total area of the lung capillaries thus appear to be in the same range as 
the values indicated by histological measurements, and to confirm previous 
views that the blood in the lung capillaries is practically completely sui rounded 
by alveolar air, with nothing in between save for the very thin layers of flat- 
celled epithelium. The thickness of the endothelium of the capillary vessels 
themselves is probably 0.8 to 1.0 (8), and of the alveolar epithelium about 1 n, 

though there is some doubt amongst histologists as to the existence of this second 
layer (17). Assuming, as a compromise, that the average thickness of the mem- 
brane separating the capillary blood from the air in the alveoli is 1.4 m, the Diffu- 
sion Constant of the whole lung to CO should be roughly equal to 2nlirrdcollA 
X 10~* cm., where dco is the volume of CO in cc. which diffuses through 1 sq. cm. 
of alveolar membrane per minute with a pCO gradient of 1 mm. Hg per cm. thick- 
ness of membrane. 

Krogh’s (7) value for dco for connective tissue at 38'’C. is about 1.8 X 10“*. 
Assuming that this value applies to the alveolar and capillary epithelium, the 
Diffusion Constant of the whole lung membrane should be of the order of 

3.8 X 10® X 1.8 X 10“V(l-4 X 10~*) = 49 cc. at rest per minute per mm. Hg 

gradient of CO, and 
6.0 X 10® X 1.8 X 10“®/ (1.4 X 10“®) = 77 cc. in hard work. 

These values are of the same order of magnitude as those given by Krogh in direct 
”in vivo^^ determinations of the Diffusion Constant of the human lungs to CO. 
Krogh’s (10) flgures range from 25 to 50 at rest and 30 to 70 in hard work. 

(c) Roughton et. al. (15), in their study of the effect of sulfanilamide on the 
rate of output of CO 2 by man during hard work, noted that the reduction in rate 
was somewhat greater than would have been expected from the inhibitory action 
of the levels of sulfanilamide present in the blood (3 to 4 mgm. i)er cent) on the 
carbonic anhydrase system in the red cells. In their calculations they assumed 
a ti, value of the order of 1 to 1.5 seconds. With a it value of 0.34 second, as 
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found for hard work in this paper, calculation^ of the type made by ^em point 
raio to « leduoto to toe CO. which could be eUcetoated from the 

bicarbonate-COj transport system of the blood in the lung capiUanes. Assummg 
Lt the liberation of CO, from carbamino combination mth 
affected by the sulfanilamide, and remained at 30 per cent o + + 

liberated in the lung under normal conditions, the net “ Jrde^of 20 

the work experiments with sulfanilamide should have been of the order ol ^ 
"clS^Ttotopatod with the CO. output to the e^e 
out sulfanUamide. The observed averap decrease 

ieets was 15 per cent. Such a test as this is even rougher than those just pven 
!mder headings (a) and (b), but, as tar as it goes, it agrees with them ■“ p™* 
reLIUlenes, of the U values for hard work obtamed 

‘'^mgard to the general problem of the kinetics of CO. transport the value, of 
, L^^lated to this pa^r both for rest and hard work, are dMtoctly lower 
to to uSby HenJiques (6) and myself (12) to our theomt^ 

A revision of this work is therefore required, but this should best be 
untU further necessary data on certain other aspects of the P”’ ^iv- 

Of these the most important are quantitative determmations of the actual activ 
W Se c^ anhydrase in the normal red cell, for which methods are now m 
skht Previously the magnitude of this activity has only been ^ 

rStr toiU extrapolation methods, though ito existence has been demon- 
oiialitativelv in the intact red cell beyond all doubt. 

^ 1^ -luffon o/lr to Iks raw. f CO 

(a) CO upL. In an adjoining paper (3) Forbes 

rT.^ 

00. They found that the ™ned^ dtont ^ 

*Siorarr^:t:rLmr v — — » 

W untie tom air containing a given pCO is to light activity the s^ime at 

S5arSoE5SSErmdi^hS^^K 

at sea level and normal pO,. ^ bod^must be in both cases 

« Ptovent the development nf an appreciable back pressure of CO 

in the blood. 
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This is not the case when CO in O 2 is breathed, for in such experiments table 1 
shows that the average back pressure of CO in the lung capillaries amounts to 
more than half the alveolar pressure of CO, and is therefore most decidedly a 
limiting factor. 

Krogh’s determinations of the Diffusion Constant of the human lung (10) 
involve measuring the uptake of CO from the alveoli into the blood while the 
breath is held during a knovm short interval (of the order of 10 sec.) and then 
calculating the volume of CO passing through the membrane per minute per mm. 
of pCO gradient, on the assumption that the back pressure of CO in the blood is 
negligible. If the latter is not so, Krogh’s values would be too low, and in this 
way an explanation might be available of the discrepancy between the amounts 
of O 2 absorbed by man when breathing low O 2 pressures in hard work, and the 
amounts which should diffuse through the lung membrane on the basis of Krogh’s 
Diffusion Constant figures (13). It would be very difficult to calculate with any 
certainty the size of the back pressure of CO, which might arise in the blood 
under the conditions of Krogh’s experiments, unless resort were made to the de- 
vice of the present papers, namely, of doing additional Diffusion Constant deter- 
minations with varying pressures of O 2 in the lungs. Thus by breathing pure 
O 2 for some minutes the alveolar p 02 would be brought up to 90 per cent atm. 
instead of 14 per cent atm. as when breathing ordinary air, and the back pressure 
of CO in the lung capillaries during the Krogh determination might then become 
very appreciable (just as in the experiments used in table 1). In that case the 
value of the Krogh Diffusion Constant should come out lower than when breath- 
ing air, and by plotting the values of the Diffusion Constant at a series of differ- 
ent alveolar O 2 pressures, it might be possible, by extrapolation, to arrive at the 
true Diffusion Constant of the lung with zero back pressure of CO in the blood. 
It is hoped it may be possible soon to carry out such experiments. 

(b) CO output. In resting man the rate of elimination of CO from the blood 
after an exposure to the gas is such that the CO content drops at a logarithmic 
rate when plotted against time, 250 minutes being the average time for the per 
cent COHb to fall to half its value (16) when breathing air at sea level. The 
speed of this process is conditioned by several factors: (a) the rate of removal of 
CO from the lung alveoli by ventilation with fresh air, (b) diffusion of CO through 
the lung membrane, (c) the rate of chemical dissociation of COHb in the red cell, 
(d) the possible disappearance of CO by other channels than the lungs, some evi- 
dence for which has been recently found by Root and myself. In the present 
section the r61e of factor (c) in the lung elimination of CO will be chiefly discussed, 
use being made of the new data on the values of tL and on the rate of dissociation 
of COHb in the human red cell at 37°C. which, according to equation (4) of my 
adjoining paper (14) is given by 

^ _„i[coHb] = -0.1 [COHb] 
dt 

whence over the time interval, h ■— hy Zn[COHb]i/[COHb ]2 = m(t\ Z 2 ). The 
time for half dissociation is thus Z/i 2/0.1 == 6.9 seconds. 
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This time is only of the order of one two-thousandth of 250 minutes the ob- 
served time for haK eUmination of CO from the blood of man at rest (16) when 
breathing air. At first sight it might therefore appear that factw (c) is not a 
all a limiting factor in determining the rate of disappearance of CO from t e - 
man blood through the lungs. Actually, however, it is agam only whilst the 
blood is in the lung capillaries themselves that the chemical dissociation of 
COHb can furnish dissolved CO for diffusion out into the expired air (the argu- 
ment is the same as in the case of CO uptake treated above). ... 

The minimum time for half elimination of CO through the lungs m Jivo is 
therefore not 6.9 seconds but 6.9 X h (average time of whole circulation) /i. 
(average time in lung capillaries) or 690 seconds at rest. This time is about 5 
per cent of the observed rate of half elimination of CO in air at rest a,nd on thi. 
basis the rate of chemical dissociation of COHb in the human red cell in vivo has 
an influence also of about 5 per cent in determining the rate of CO elimination 

via the lungs in resting man breathing air. ^ 

If O 2 is substituted for air the subject derives an immediate benefit ™ 
extra 2 volumes per cent of O 2 dissolved in his blood and furthermore the half 
time of CO elimination is cut to about 40 minutes, according to unpublished ex- 
periments of Boot M.d myself. In tUs the fate *emie“l ^mtion of 
COHb exerts an influence of about 29 per cent (i.e., (100 ^ 

Better stUl than pure O 2 is the widely used carbox mixture of 5 to 7 per (^n 2 

in O 2 : the hyperventilation and faU of blood pH produced thereby lea,d to a fur- 
ther, and quite marked, increase in rate of CO elimination and do, mdeed, prob- 
ably bring the latter much nearer to the limitmg half time of - 

tated by the velocity constant, m, of the chemical dissociation of COHb at body 
temperature. These figures indicate strikingly the practical v^^ of the prin- 
ciples on which the modem technique of resuscitation from CO poisoning 1 
based: they also show, however, that there is little hope of increasing still fur 
the rate of CO elimination via the lungs unless some method can be found of 
actually changing the value of m in vivo. Of this the prospect seems poor, for, 
in vitro, m is scarcely affected by pH,, or by salts, though it is believed to have a 
rather high temperature coefficient, and is known to be much accelerated by 
light. L^ge changes by either of these means do not, however, seem feasible 
in the actual human lung circulation, and it would seem that any further efforts 
to increase greatly the rate of disappearance of CO from the blood a^^^^ 
ing would have to be in the direction of accelerating the loss of CO by other 
than the lungs, assuming that further work confirms the existence of 

^'^In thTworMng subject the theoretical maximum rate nf CO elimination in the 
lungs is rather higher than at rest, since the value of averages 0.017 mstea 

of 0.01. 

SUMMAKY 

1. The average time, h, which the blood spends in posing through the'.lung 
capillaries is of interest, since it is only dunng this phase of the circulatory 
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cycle that exchange of gases between the blood and air is possible. A knowledge 
of the value of is therefore important in several kinetic problems of respiration. 

2. A theoretical method of calculating II is described and its reliability crit- 
ically discussed. Its accuracy in normal man is believed to be of the order of 
±: 30 per cent. 

3. ' The average value is 0.75 zh 0.25 second for normal men at rest, and 0.34 
±0.1 second in hard work. These values are of the order of magnitude to be 
expected from other physiological data. 

4. The total volume of the blood in the patent lung capillaries is also calcu- 
lated from II- In normal men it averages 60 cc. at rest and 95 cc. in hard work, 
thus indicating that no very extensive opening up of extra capillaries occurs in 
the lungs during exercise. 

5. Applications of the new data to the kinetics of CO uptake and elimination 
in the lungs of man are discussed. 
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The fact that some of the natives of Styria, a province of Austria, ingest large 
quantities of arsenic trioxide with supposedly beneficial effects, has led to con- 
siderable discussion and some investigation as to the development of tolerance 
to the drug. 

Arsenic eaters start with small doses of arsenic trioxide and gradually increase 
the quantity ingested until it greatly exceeds that which would be poisonous to 
the normal individual. However, the ability of the individual or experimental 
animal to acquire a true tolerance to arsenic trioxide, either solid or in solution 
as sodium arsenite, has been questioned by several investigators. Schwartz 
and Munch (1,2) came to the conclusion that all cases could be explained on the 
basis of the slow rate of solution of arsenic trioxide, as they found that the toxicity 
of arsenic trioxide depended largely upon the physical state of the solid. They 
were unable to show any acquired tolerance in cats to arsenic in solution. 

Issekutz and Vegh (3) found that dogs rendered tolerant to solid arsenic tri- 
oxide would succumb to relatively smaller doses when administered in solution 
and that dogs cannot be rendered tolerant to solutions of arsenic. They be- 
lieved that tolerance is not due to an acquired immunity of the intestinal wall 
but that it is referable to the fact that the arsenic tri oxide is not absorbed, simply 
because it is not dissolved. 

In the course of studies on the detoxification of arsenic by rats in this labora- 
tory, it was desired to administer the largest daily doses that could be safely 
given. Solutions of sodium arsenite were injected intraperitoneally. However 
when a group of three-month-old rats had been injected with sublethal doses 
for about three weeks it was found that the dose could be increased to a level 
which invariably killed normal animals, without producing toxic effects. 

Although the literature led to the opinion that a systemic tolerance to arsenic 
trioxide or sodium arsenite could not be produced we were prompted to rein- 
vestigate that possibility. 

Experimental. In the first experiment in which tolerance was noted, five 
three-month-old female albino rats (group 1) on a diet of purina '^checkers’’ and 
tap water were subjected to almost daily intraperitoneal injections of 4 to 8 
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4 to 8 mem per kgm. level the dose was raised to 10 and m some cas^, to 12 
^ ^ Viym At this higher dose level one animal died after nme daily m- 

Soart^J^Turv^edt month and two survived for more than fifty days^ 
the »a.e ... “ ’S™” Je 

Ime Xt^d Bodansky and Dawson (5) have utilized it m relation to toxicity 
‘^'H^Xmia is exhibited by n^al be^S^plS on 

■^^i£lSS=Sr2>S=S 

r^.^7t“ tThe^l period, dying during the night. The.verage^W 

tSp^rature, ta two »i.pted rate and the two ^ 

^r:~e Sm to ~ t th«e inch« and jading the temperature 

a55r=?=S;-Hti-s5 

“C^enuia compamd with that produced 
in normal rats under the same conditions. _ _ ^ 

The f J ^toul to”lnth.old females (group 3). 

t'uWoiThat marked fluchrations in 

periment inthience the 1’°*' ‘*'“*”'“ 24 ”.^ M°C The course ot adaptation 

temperature was mamta^d JterbvAKrving the body temperature 

to a d* oi 6 mgrn. per tsm. was ollowed *«"“8 t ^ 

- l.^tSfrua”S:5^:^=;pPeH0d (oUowhrgthe 
* taking of the first temperature readmg m the mommg. 
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Fig. 1. Post -injection time-temperature curves of normal rats and adapted rats of group 1 
after injection of ten milligrams of arsenic trioxide per kilogram body weight. 

1. Average temperatures of two adapted females. 2. Temperatures of one normal 
female after the first injection of arsenic trioxide. 3. Temperatures of one normal female 
after the first injection of arsenic trioxide. 

Fig. 2. Post-injection time-temperature curves for rats of group 3, during an eighteen 
day series of injections of six milligrams of arsenic trioxide per kilogram body weight. 

jf. Average temperatures of four females after the first injection of arsenic trioxide. 
2. Same as 1 after the sixth injection. 8. Same as 1 after the eleventh injection. Same 
as 1 after the eighteenth injection. 

Fig. 3. Post-injection time-temperature curves of normal rats and adapted rats of group 2 
after the injection of 12 milligrams of arsenic trioxide per kilogram body weight. 

1. Average temperatures of three adapted females. 2. Temperatures of one normal 
female; terminates at the death of the animal. S. Temperatures of one normal female; 
terminates at the death of the animal. 

TABLE 1 


Recovery of intraperitoneally injected arsenic trioxide 


KAT 

TIME BETWEEN INJECTION 

and washing 

AsaOl INJECTED 

AssOi RECOVERED 



gamma 

gamma 

A — normal 

30 minutes 

2,000 

40 

B — normal 

30 minutes 

2,000 

70 

2 

30 minutes 

1,500 

420 

9 

30 minutes 

2,000 

155 

10 

40 minutes 

1,800 

380 

3 

24 hours 

835 

340 

6 

24 hours 

1,800 

360 

21 

24 hours 

1,830 

380 


The dose given the rats of group 3 was then raised to 10 mgm. per kgm. and 
held at this level for three days without any toxic symptoms. Three of the 
animnla were then sacrificed for absorption studies reported below. The remain- 
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ing ftnimA.1 was given 12 mgm. per kgm. along with three normals, and the body 
temperatures noted for five hours after injection. All three normal animals 
died within five hours with temperatures four to five degrees below normal. 
The body temperature of the adapted rat fell 2°C. during the first hour after 
injection and then rose steadily to normal with no toxic ssonptoms. 

Figure 3 gives the average temperature-time curve of three rats (group 2) 
given their first dose of 12 mgm. per kgm. after being on 8 mgm. per kgm. for 
ten days, and 6 mgm. per kgm. for five weeks, compared with two normal rats 
given their first dose of 12 mgm. per kgm. The normal rats died in four and six 
hours, respectively, evidencing marked hypothermia. The adapted animals 
showed some hypothermia but recovered. 

In order to check the possibility that the tolerance observed might have been 
due to slow absorption through the membranes of the body cavity the folloiving 
experiment was performed. 

Six adapted and two normal rats were injected with known amounts of arsenic 
trioxide as indicated in table 1. At 30 minutes or 24 hours after injection as 
indicated in the table the animals were anesthetized with nembutal, the bellies 
shaved and opened along the midline. The peritoneal cavity was then washed 
out into a beaker with about 150 ml. of distilled water from a wash bottle. Care 
was taken to wash thoroughly, the organs being pulled outside the body and held 
apart with forceps during the washing. The amount of arsenic trioxide recovered 
was determined by the Gutzeit method (6). The residue of arsenic recovered 
from the adapted animals after thirty minutes is somewhat larger than that 
from normal rats; however the amount recovered after thirty minutes from 
adapted animals is of the same order of magnitude as that recovered after twenty- 
four hours, which probably represents the degree of saturation or the equilibrium 
within the body of animals receiving daily injections of arsenic trioxide. 

SUMMABY 

1. Rats have been shown to acquire a true systemic tolerance to arsenic tri- 
oxide in solution, injected intraperitoneally as sodium arsenite. 

2. The toxicity of a dosage of arsenic trioxide and the progress of adaptation 
has been shown by following the hypothermia after injection. 

3. The tolerance to injected arsenic trioxide was shown not to be due to de- 
creased rate of absorption from the body cavity. 
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The symptoms of both acute and chronic arsenic poisoning are given in works 
on pharmacology, as well as the specific injury to various tissues. Rats given 
25 mgm. of arsenic trioxide, as a solution of sodium arsenite, per kilogram body 
weight may die in 15 minutes with the characteristic symptoms. Animals on 
lower but still lethal doses may develop the same syndrome in the course of a 
twenty-four hour period. Rats may be adapted to arsenic trioxide by the 
injection of sublethal doses over a long period of time (1). While normal rats 
show a marked hypothermia when injected with solutions of sodium arsenite, 
adapted rats show much less or no drop in body temperature. 

The hypothermia follows immediately after the injection of arsenic and may 
be due either to a direct effect on the temperature regulating center in the hypo- 
thalamus, to some action on the vasodilator centers, or to a lowering of the basal 
metabolic rate which might conceivably be due to reduction of the respirator}^ 
ratet)f the individual body tissues. 

With the object of determining the cause of the hypothermia, studies were 
made of the effects of arsenic trioxide on cerebral cortex, diaphragm, kidney 
cortex, and liver. In this work the Warburg technique (2), standard for deter- 
mining the effects of drugs on tissue respiration, was u.sed. 

It has been kno^vn for some time that solutions of arsenic trioxide will reduce 
tissue respiration in vitro (3) and some action -concentration curves are available 
(4, 5), but it was deemed advisable to prepare complete action-concentration 
curves for the tissues used in this study in order to check in vivo with in vitro 
effects. The data for cerebral cortex, diaphragm, kidney cortex and liver are 
illustrated in figures 1 to 4 inclusive, in which percentile reduction is plotted 
against log concentration of arsenic trioxide. The points on the action-con- 
centration curves were detei-mined by adding dissolved areenic trioxide (sodium 
arsenite) in suitable concentration to normal tissue slices whose respiration rates 
had been followed during the 40 to 60 minutes previous to the addition of the 
arsenic trioxide solution. In some cases the respiration rates did not fall to 
a constant level immediately and, therefore, instead of comparing normal res- 
piration rates with those at a specified time after addition to determine the effect, 
areas under the time-oxygen consumed per hour per gram curves were compared 
before and after adding the arsenic trioxide. All points were figured on the 
basis of 40 to 60 minute periods before addition, and 40 to 70 minute periods 
after addition. Each point stands for the percentile reduction of a single slice 
of tissue by the indicated concentration of arsenic trioxide. 

Since the action-concentration curves indicated that reduction of even the 
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most sensitive tissues was not to be expected on a minunum lethal dose (10 
mgm./kgm.), it was decided to use 25 mgm. per kgm. as the dose for deter- 
mining in vivo effects of arsenic trioxide. The method of procedure is described 

The experimental animal was injected intraperitoneally or subcutaneously 
with 25 mgm. per kgm. of arsenic trioxide and sacrificed when anoxia was m- 
dicated by gasping respiration. In those animals receiving intraperitoneal 
injections, this stage was reached in 15 to 20 minutes, whereas those injected 
subcutaneously did not show the symptoms for from 40 to 60 minutes. 

Tissues were removed immediately after sacrifice, prepared for respiration 
studies in a cold moist chamber (15°C.) and placed in a 38°C. bath within 30 
minutes. The medium consited of 0.9 ml. of Kreb’s calcium free Rmger’s 
solution. Liver and kidney slices were prepared with a Martin tissue sheer. 



Fig. 1. Cerebral cortex.' Fig. 2. Diaphragm.' Fig. 3. Kidney cortex.' Fig. 4. Liver.' 


Brain slices were cut with the aid of a razor and template (6) and diaphragm 
was snipped with scissors into pieces of suitable size. ^ 

The in vivo effects of arsenic trioxide are summarized in table 1 . The qU 2 s ot 
the tissues from the poisoned animals are compared with the Q 02 ’s of noimal 
tissues subjected to the same treatment. Since diaphragm, ki^ey and liver 
are in or adjacent to the peritoneal cavity, comparisons were made of the effect 
of arsenic trioxide injected intraperitoneally and subcutaneously. All QO, s are 
calculated 30 minutes after the first setting of the manometers. 

Discussion. The hypothermia is probably due to . heat losses caused by 
vasodilatation, augmented by the lowered basal metabolic rate evident after 
the administration of arsenic trioxide. Vasodilatation might be the result of 
direct effects of arsenic trioxide on the temperature regulatmg or vasodilator 
centers in the central nervous system. Or,..since araenic has been called a capil- 

' In vitro reduction of tissue respiration by arsenic trioxide. 
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lary poison, the vasodilatation might be due to a direct effect on the capillaries 
themselves. In the former case the effects might appear as an alteration of the 
respiratoiy rate of brain tissue. Unfortunately the latter case does not lend 
itself to study by the manometric technique. 

The lowered basal metabolic rate should manifest itself by a reduction of the 
respiration rate of the individual tissues. 

The in vitro studies, summarized on the action-concentration curves, indicate 
that if uniform distribution is assumed, reduced metabolism of liver and dia- 
phragm is not to be expected, even on a dose of 25 mgm. per kgm. This dose 
should, however, cause reduction of brain and kidney tissue. Because in vitro 
effects on two out of four tissues were apparent at this dose, all in vivo work was 
done at this dosage level. 

Manometric studies of the in vivo effects yielded results at variance with the 
theory of uniform distribution. Kidney cortex showed the expected reduction 


TABLE 1 

Respiration rates of tissues of rats poisoned with arsenic trioxide compared with rates of 

normal tissues 


CEREBRAL CORTEX 

DIAPHRAGM 

KIDNEY CORTEX 

LIVER 

B 

C 

A 

B 

C 

A 

B 

C 

A 

B 

C 

QOs’s 2 . 5 O 3 
2 . 4 O 3 
2.333 

2.136 

2.476 

2.344 

I. 4 O 4 

I. 4 O 4 

1.383 

1.223 

0.953 

0.902 

O. 9 O 4 

1.506 

1.576 

1.845 

3.522 

3.364 

3.682 

3.072 

3.853 

3.964 

2 . 2 O 2 

3.006 

4.756 

4 . 9 O 5 

4.722 

2.253 

2 . 2 O 3 

2.324 

2.132 

I. 5 O 4 

1.442 

O. 9 O 3 

1.785 

1.906 

1.785 

I. 9 O 2 


A — Subcutaneous injection. 

B — Intraperitoneal injection. 

C — Normal tissue. 

Subscript number indicates number of slices averaged. Each value represents one 
animal. 


but cerebral cortex continued to respire at a normal rate. Liver re.spiration 
was reduced when the arsenic trioxide was injected into the peritoneum, but was 
stimulated when the dmg was injected subcutaneously. Diaphragm respiration 
was reduced under both conditions of injection, but more strongly in the case 
of intraperitoneal administration. 

The results of the in vivo work lead to a number of interesting conclusions. 
The absence of any effect on the respiration of cerebral cortex does not favor 
the hypothesis of a direct action of ai-senic trioxide on centers of the central 
nervous system. If arsenic trioxide has an effect on nerve tissue, it is not 
apparent in respiration studies. 

The stimulating effect on liver respiration when the arsenic trioxide is admin- 
istered subcutaneously may be related to a detoxification mechanism in that 
organ. The apparently anomalous reduction of liver respiration when the drug 
is given intraperitoneally is probably due to absorption of the drug by the 
intestinal capillaries which eventually cany the blood to the liver through the 
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portal vein. The liver is probably flooded with arsenic trioxide m am^te 
too great for it to handle. The resulting cellular damage appears as reduced 

respiration. ‘ , , . .u • 

The reduction of diaphragm respiration indicates that the hypothermia may 
in part at least be due to a reduction in the heat production of the muscle tissues, 
which tnalTA up about 40 per cent of the body weight of the rat (7) and about 33 
per cent of the heat production (8). The higher degree of reduction m the c^ 
of intraperitoneal injection is probably due to the exposure of the muscle to a high 
concentration of the drug immediately after injection and, consequently, it 

suffers greater damage. , u i 

Reduction of kidney respiration might be expected because these organs e p 
excrete arsenic trioxide and a high concentration of the drug may rapi ly e 
built up in them. As shown by the action-concentration curve for the organ, 

kidney is very sensitive. , ^ j 

The four tissues on which in vitro and in vivo effects were determmed were 
chosen because it was felt that effects on them would be significant. Arsenic 
trioxide might directly affect the central nervous sytem, represented by cerebral 
cortex. Effects on diaphragm would indicate changes in the muscle system. 
Liver is concerned with detoxification and elimination (9) and kidney with elm- 
ination. Although other tissues undoubtedly would exhibit effects capable 
of interpretation by the Warburg technique, those chosen are .sufficiently re- 
presentative to indicate certain systemic actions of arsenic trioxide. 


SUMMARY 

1. By tissue respiration studies, arsenic trioxide action-concentration curves 
have been prepared for cerebral cortex, diaphragm, kidney cortex and liver in 

the albino rat. , . • u 

2. Fatal doses of arsenic trioxide administered subcutaneously in vivo have 

no effect on cerebral cortex respiration, cause reduction of diaphragm and kidney 
respiration, and induce stimulation of liver respiration. ^ • • u 

3. Fatal doses of arsenic trioxide administered intraperitoneally in vivo have 
no effect on cerebral cortex respiration, and cause reduction of diaphragm, kidney 

cortex and liver respiration. , 

4. The absence of effect on the cerebral cortex respiration, while the respiration 

of the muscle tissue of the diaphragm is reduced, would suggest that the hypo- 
thermia of arsenic poisoning is influenced more by a decreased rate of energy 
metabolism of the individual tissues than by a direct effect on the temperature 
regulating center in the central nervous system. 
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Chymotrypsin is a proteinase (1) that has been isolated by Kunitz and North 
rop from the pancreas of cattle (2). It can be obtained in the forin of a ciystal- 
line protein. The proteolytic action of chymotrypsm is very similar to that ot 
trypsin although, as shown by Kunitz and Northrop, the hydrolys^ of c^em by 
the two enzymes occurs at different peptide linkages (2). Trypsin clots blood 
but, under ordinary conditions, does not clot milk. However, c ymo rypsin 
clots milk but not blood (2). The optimum pH for the activity of chymotrypsm 
is between 7 and 9 (2), so that it is actively proteolytic at the normal pH ot the 

'^^The physiologic effects of intravenously injected proteolytic enzymes are not 
at present completely understood. Much work has been done on the effects 
of the injection of trypsin on physiological reactions in animals (3-4). According 
to Dragstedt and Rocha E SUva, trypsin produces a type of shock that is very 
similar to anaphylactic and peptone shock (3). A study of the action of trypsin 
given intravenously may lead to a better understanding of the mechanisin of 
anaphylactic and peptone shock, and perhaps of other types of shock ■ where 
proteolytic enzymes may play a r61e (5). However, m the case of trypsin the 
interpretation of the results is obscured by the fact that trypsin brings about 
intravascular coagulation when it is injected intravenously Therefore, it is 
difficult to evaluate in a given experiment what changes r«ult from the clotting 
activity and what changes result from the proteolytic activity of trypsin, ^nce 
clotting agents such as thrombin, and proteolytic agents such as rypsin o i 

produce shock in animals (4). . , , u ui r 

Chymotrypsin does not clot blood and, therefore, is particularly suitable tor 

investigating the physiologic effects of proteolytic enzymes 

in pure form and has an optimum pH in the neighborhood of the pH of the blood 

The present report describes some of the changes that follow the m raveno 

injection of chymotrypsin into dc«s. . 

Matekial and methods. Twenty-eight mongrel dogs ranging m w eight from 
6 to 14 kgm. were used as experimental animals. They were anestheW by the 
intravenous injection of 0.4 ml. per kgm. of a 10 per cent aqueous 
sodium pentobarbit^, except when otherwise indicated. Additional small quan- 

> The expenses of this investigation were defrayed, in part, f 
tion of Dr. Francis W. Peabody’s services to the Foundation by the Ella Sachs Plotz 

Foundation. 

2 Died on January 3, 1945. 
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tities of sodium, pentobarbital were given during the course of the experiment 
when necessary to maintain the anesthesia. 

Blood pressure recordings were made by a mercury manometer connected with 
either a needle or a cannula inserted into the femoral artery. 

Intravenous injections were made into one of the jugular veins, and blood 
samples were obtained from another vein by syringe and needle. 

The anticoagulant used for hematocrit determinations was a mixture of 
ammonium and potassium oxalates. For all other studies 1 ml. of a 2.5 per cent 
solution of sodium citrate per 9 ml. of blood was used. Plasma was obtained by 
centrifuging blood at 2500 r.p.m. for 15 minutes. 

The chymotrypsin was a crystalline preparation made according to the method 
of Kunitz and Northrop (2)^, and contained about 50 per cent of MgS 04 . For 
intravenous injections it was dissolved immediately before use into a volume of 
saline equal to 1 ml. per kgm. of body weight. 

Determinations of the blood coagulation time, the fibrinogen concentration 
and prothrombin time of the plasma were carried out as described elsewhere (4). 
When prothrombin time was determined on plasma containing an abnormally 
small quantity of fibrinogen, fibrinogen was added to the plasma before the 
determination. 

Non-protein nitrogen of the plasma was measured by the usual micro Kjeldahl 
method. 

Hematocrit readings were made by the technique of Wintrobe (6). 

Results. 1. Lethal dose. Five dogs received doses varying from 3 to 7 mgm. 
of chymotrypsin per kgm. of body weight and all survived; 18 dogs survived after 

receiving from 25 to 35 mgm. per kgm. 

Three dogs received 40 mgm. per kgm. and died within 4 hours, yet 2 dogs 
received 50 mgm. per kgm. and survived. There was one dog which received 
60 mgm. per kgm. and died. 

2. Digestion of plasma proteins by clnjmotrypsin. To study the action of the 
chymotrypsin on the proteins of the plasma, 20 mgm. of chymotrypsin were 
added to 10 ml. of citrated dog plasma at pH 7.4. The mixture was incubated 
at 37°C. and samples were taken at intervals for determination of non-protein 
.nitrogen, total protein and prothrombin time. A simple qualitative test for the 
detection of a decrease in the concentration of the fibrinogen in plasma consisted 
of the addition of thrombin to the mixture. The absence of coagulation indicates 
a marked decrease in concentration of fibrinogen. The results of one experiment 
(table 1) show that digestion as measured by increase in non-protein nitrogen 
took place to a slight extent and ceased after the first four hours. 1 he fibrinogen 
and prothrombin of the plasma were decreased after two hours of incubation with 
chymotrypsin. This experiment was repeated several times with similar results. 

3. Effect on blood coagulation mechanism, a. In vitro. Chymotrypsin had no 
accelerating effect on the coagulation of normal blood in vitro. Large quantities 
delayed the clotting time, as the fibrinogen and prothrombin underwent pro- 
teolysis (table 1). 

3 Obtained from the Plant Research Laboratory, Bloomfield, N. J. 
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A, typical experiment is shown in table 2. While trypsin did shorten the co- 
agulation time of normal blood, chymotrypsin did not. Similarly, chymotrypsin 
did not shorten the clotting time of hemophilic blood in vitro. 

b. In vivo. Table 3 shows the effect of the intravenous injection of varying 
doses of chymotrypsin on the clotting time of dog’s blood. A prolongation of the 

TABLE 1 

Effect of chymotrypsin on prothrombin, fibrinogen, total proteins and non-protein nitrogen of 
citrated plasma from dog^s blood (in vitro) 

A. 10 ML. OF FLASMA + 20 MO. CHYMOTRYPSIN— B. CONTROL: 10 ML. OF PLASMA AT pH 7.5 
37*c7, pH 7.5 INCUBATED AT 37‘’C. 



Prothrom- 
bin time 

Fibrinogen* 

Total 

Proteins 

N.P.N. 

Prothrom- 
bin time 

Fibrinogen* 

Total 

Proteins 

N.P.N. 


seconds 


gm, per 
100 ml. 

mgm. per 
100 na. 

seconds 

1 

gm. per 
100 ml. 

mgm. per 
100 ml. 

0 (control) 

11 

Present 

5.40 

21 

11 

Present 

5.38 

22 

2 hours 

33 

Absent 

5.28 

28 

15 

Present 


23 

4 hours 

+60 

Absent 

5.26 

35 

15 

Present 


20 

24 hours 

+60 

Absent 

5.29 

35 

29 

Present 

5.40 

23 


* Presence or absence of fibrinogen detected by the addition of thrombin. 


TABLE 2 

Comparison between the effect of trypsin and chymotrypsin on the coagulation time of normal 
human blood at Effect of chymotrypsin on hemophilic blood 


TUBE 

NO. 

chymo- 

trypsin 

NORMAL 

BLOOD 

CLOTTING 

TIME 

TUBE 

NO. 

TRYPSIN 

NORMAL 

BLOOD 

CLOTTING 

TIME 

TUBE 

NO. 

CHYMO- 

TRYPSIN 

HEMO- 

PHILIC 

BLOOD* 

CLOTTING 

TIME 


mgm. 

ml. 

min. 


mgm. 

ml. 

min. 


mgm. 

ml. 

min. 

1 

0 

2 

15 

1 

0 

2 

8 

1 

0 

2 

65 

2 

0 

2 

16 

2 

0 

2 

9 

2 

0 

2 

70 

3 

0.05 

2 

15 

3 

0.05 

2 

s 

3 

0.05 

2 

65 

4 

0.05 

2 

15 

4 

0.05 

2 

5 

4 

0.05 

2 

70 

5 

0.1 

2 

16 

5 

0,1 

2 

H 

5 

0.1 

2 

68 

6 

0.1 

2 

17 

6 

0.1 

2 


6 

0.1 ! 

2 

75 

7 

0.25 

2 

30 

7 

0.25 

2 

2 

7 

0.25 

2 

+80 

8 

0.25 

2 

33 

8 

0.25 

2 

2 

8 ’ 

0.25 

2 

+80 

9 

0.5 

2 

+60 

9 

0.5 

2 

5 

9 

0.5 

2 

+80 

10 

0.5 

2 

+60, 

10 

0.5 

2 

6 

10 

0.5 

2 

+80 

11 

1.0 

2 

+60 

11 

1.0 

2 

+60 

11 

1.0 

2 

+80 

12 

1.0 

2 

+60 

12 

1.0 

2 

+60 

12 

1.0 

2 

+80 


clotting time was observed 10 minutes after the injection of 20 to 40 mgm. per 
kgm. chymotrypsin into 3 dogs (nos. 6, 7, 4). The prolongation of the 
clotting time lasted for from 20 to 40 minutes after the injection. Doses of 4 
mgm. per kgm. and less did not affect the clotting time in 6 dogs. 

4. Persistence of action of chymotrypsin in vivo. The proteolytic activity and 
persistence of effect in vivo of intravenously injected chymotrypsin was investi- 
gated on 2 dogs. A typical protocol on one dog follows: 27.5 mgm. per kgm of 
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chymotrypsiii were injected intravenously and the clotting time, fibrinogen level 
and prothrombin time were measured at intervals. The results (table 4) show 
that the prolongation of the clotting time following the injection of chymotrypsin 

TABLE 3 


Effect of intravenous injections of chymotrypsin on the coagulation time in dogs 



CHYMO- 

CLOTTING TIME* (MINUTES, ROOM TEMPERATURE) 


TXYPSIN 

1 

2 

3 

4 

5 

6 

7 

8 


mgm. per 
kgm. 









1 

3 

15 

16 

14 



15 



2 

3.7 

23 

17 

18 

15 





3 

10 

15 

14 

13 

18 





4 

6 

18 

18 

17 

14 





5 

4.5 

18 

17 

16 

17 

14 

15 

15 


2 

6.7 

15 

19 




15 



6 

40 

12 


30 

+90 


12 



7 

30 

9 

45 


90 



20 

8 

4 

20 

11 

29 


40 



15 



* 1 =* before injection 

2 « 1-10 minutes after injection 

3 » 10-20 minutes after injection 

4 « 20-40 minutes after injection 

5 ss 60-90 minutes after injection 

6 « 90-120 minutes after injection 

7 » 120-240 minutes after injection 

8 ** 240-360 minutes after injection 

TABLE 4 


Effect of intravenous injection of 27.6 mgm. of chymotrypsin per kgm. on clotting time, 
prothrombin time and plasma fibrinogen* 



TIME FROM INJECTION 

PROTHROMBIN TIME 

PLASMA 

FIBRINOGEN 

CLOTTING TIME 

AT ROOM 
TEMPERATURE 



seconds 

mgm. per 100 ml. 

minutes 

1 

Before 

15 

259 

9 

2 

5 minutes 

39 

0 

45 

3 

37 minutes 

32 

187 

90 

4 

157 minutes i 

21 

213 

20 

5 

335 minutes 

21 

187 

8 

6 

24 hours 

17 

203 

10 

7 

48 hours 



11 


* Dog 7, anesthetized. 


was accompanied by marked prolongation of the prothrombin time and diminu- 
tion of the fibrinogen of the plasma. Blood sample 2 in table 4 paradoxically clot- 
ted in 45 minutes, although the chemical determination of the plasma fibrinogen 
of the same sample of blood, which was carried out later, showed that no fibrino- 



MS ' ' wV'ii; 

gai- was present. It was probable, therefore, that all or some of the sMnplM 
of citrated plasma ctmtained some chymotrypsin and if such were the c^, the 
results (tf the fibrinogen and prothrombin determination would represent the com- 
bined protedytic activity in vivo and in vitro after the blood sample had been 
t ftlfpn and before the determinations were carried out. Since there is no toown 
specific inhibitor of chymotrypsin and the non-specific inhibitors, such as heat or 
pH changes, also interfere with the determination of fibrinogen and prothrombin, 
the following experiment was carried out in an attempt to determine how much 
of the digestive process was actually taking place in vivo and for how long after the 
injection chymotrypsin persisted in the blood. Citrated blood samples were 



taken at intervals from a dog which had received an injection of 30 mgm. per 
kgm. of chymotrypsin. The tubes containing the samples of blood were im- 
mersed immediately in cracked ice, centrifuged in melting ice, and then 
minations of the prothrombin time and non-protein nitrogen were earned out. 
After the first prothrombin and non-protein nitrogen determmations, each- 
sample was kept at room temperature and the prothrombin time and non-protem 
nitrogen level determined at intervals and compared- with the mitial values 

(figs. 1 and 2). . . , « 

Fibrinogen determinations could not be used in this expenment as an mdex ot 
protein digestion because complete fibrin formation requires one hour at room 
temperature, and this length of time is sufficient to allow digestion to prO(^. 
The results of the prothrombin time deteffiStoations in this ex^riment are sho^ 
in figure 1, and Hie results of the non protein nitrogen determinations in figure 2. 
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Proteolytic activity was present in tlu^ circulating blood as long as 40 minutes 
after the injection (figs. 1 and 2) bid- was absent alter 2 hours, (figs. 1 and 2). 

5. Effect an blood 'f>resmre. The immediaU' eifecd, on the lilood pressure of 
various doses of chymotrypsin injected intravenously is shown in figure 3. There 
is an immediate depressor effect, the intimsity of which was roughly proportional 
to the amount of chymotryfisin injected. With amounts of from 4 mgm. to 
25 mgm. per kgm. the immediate depressor effect increased progressively. Three 
mgm. per kgm. caused no demonstrable effect on the blood pressure, dliis imme- 
diate depressor (>ffect was of a transient nature and was characterized by a rajiid 
fall which was followed by a return to normal within a fi'W minutes. 



Pic 2 Persistence of action of chymotrypsin in vivo. Doc « received 27 ..5 mcm. per 
kcni of cliymotrvpsin intravenously. Non proU-in nitroc<ui determinations on the plasma 
were done immediately (solid cindes) and on each sample of plasma after incul.ation at 
:M°C. for 24 hours (open circles). Non protein nilrocen (NPN) is expressed in milligrams 


ppr UK) c*c. of plasma . 


4’hc blood pressure changes were followed over a long |)(‘nod ol tune in 10 
dogs that received from 25 to 50 mgm. p(>r kgm. of chymotrypsin. 'I't"' 
are shown in table 5. A pronounced ftdl in blood pri'ssure during the first .10 
minutes following the injection was observed in 4 ilogs that wiu-e given 40 mgm. 
per kgm. (dogs 19, 20, 22, 25), and in 3 dogs that were given 45 to 50 mgm. per 
kgm. (dogs 23, 24, 2(1). 'I’he three animals that had receix'cd less than 40 mgm. 
per kgm. show’ed less marked depression of the blood pressure. 

6. Effect on the hematocrit. Hematocrit measurements at intervals were' made 
in 12 dogs that had received from 25 to 50 mgm. per kgm. of chymotrypsin 
intravenously. In 4 dogs receiving 25 mgm. per kgm., only small changes were 
observed (table 5, dogs 12, 13, 17, 18). All the others had received bom 33 to 
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dog 2, 4 mgm. of chymotrypsin per kgm. 
dog 4, 5 mgm. of chymotrypsin per kgm. 
dog 3, 10 mgm. of chymotrypsin per kgm. 

dog 26. 45 mgm. of chymotrypsin per kgm. 
dog L 2 mgm. of trypsin per kgm. 
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50 mgni. per kgm of chymotrypsin, and they showed marked changes in the 
hematocrit values during the first 3 to 4 hours following the injection. _ 

As a control experiment two dogs were anesthetized with sodium pentobarbital 
and determinations of the hematocrit values were made, at intervals for 4 hours. 

TABLE 5 

Effect of intravenous injection of chymotrypsin on the hematocrit and blood pressure 


DOO 

NO. 


NEMBUTAL 


12 

13 

17t 

18t 

19t 

20t 

21t 

22t 

23t 

24t 

25* 

26» 


mgm. per 
kgm. 

40 

40 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 


QUANTITY 
OF CHYMO- 
THYPSIN 


mgm. per 
kgm. 

25 

25 

25 

25 

40 

40 

33 

40 

50 

50 

40 

45 


HEMATOCWT 

TIME FROM INJECTION (MINUTES) 


44 

35.21 

35.4 

50 

46 
31 
50 

47 
37 
44 

31 

32 


30 

60 

90 

120 

150 

180 

210 

240 

270 

300 

330 

44 




48.7 


50 




49.6 

34.9 

34.5 

38 

33.4 

41.8 

33.6 


44 

33.3 


45 


43 


‘47.5 


49.6 



53.8 




58 


42 



43 








56 




56 








55 



54 




39 

49 




43 


42 




46 





56 


54 




32 

33 


33 


32 


29 


27 



DOG 

NO. 


12 

13 

17t 

18t 

19t 

20t 

21t 

22t 

23t 

24t 

25 * 

26* 


BLOOD PRESSURE (MM. Hg) 
TIME FROM INJECTION (MINUTES) 


0 

30 

60 

90 

120 

150 

180 

210 

240 

270 

300 

330 

500 

128 


71 


96 


106 



no 




150 


144 


140 


122 



120 




135 


80 











120 



76 




40 






144 




120 




130 





150 



128 





140 





104 

122 

40 




110 







140 

30 





76 


94 


70 

56 


140 

80 

108 

92 

124 

116 






160 

52 


68 









— 


OUTCOME 


Killed after 5i hours 
Killed after 5§ hours 
Killed after 4^ hours 
Killed after hours 
Died after U hours 
Died after 3i hours 
Killed after 4 hours 
Killed after 4 hours 
Killed after 4 hours 
Killed after 4 hours 
Killed after 5 hours 
Died after U hours 


* Splenectomized. 
t Post mortem examination made. 

No chymotrypsin was injected into these animals and no increase m the hemato- 

"""coSStion of thtspleen can cause marked eh^ges in the 
and red cell counts of the blood of dogs in a number of 

Therefore, two dogs were splenectomized with stenle precai^ ons and after they 
had recovered from the operation they were given mtraveLus injections of 40 
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to '45 mgm. per kgn. respectively of chymotrypsin. Althou]^ a marked and 
profound fall in blood pressirre was produced in these two dogs, no rise in hemato- 
crit was observed for the duration of the experiment (table 6, nos. 25, 26). 

7. Post-mortem examincMon. Ei^t dogs that had received one single intra- 
venous injection of chymotrypsin either died or were killed and post-mortem 
examinations were carried out immediately after death. The quantity of chymo- 
trypsin given to each dog and the time at which post-rhortem examination was 
done is indicated in table 6. Sections of tissues for histological examination 
were put into Zenker’s solution within 15 minutes after the death of the anim^. 
On gross appearance the organs uniformly showed congestion and sonae cyanosis. 
Sections for microscopical examination of the heart, pancreas, kidneys and 
were made. Morphologic changes of an acute nature were observed 
microscopically in the liver, the kidneys and the adrenals. In dogs 21, 22, 23, 
there was central necrosis of the liver. In dog 20 there was central necrosis with 
acute passive congestion. In dog 17 mid-zone foci of polymorphonuclear cells 
suggested focal necrosis of liver but no actual necrotic cells could be seen. Dog 
19 showed onily passive congestion of the liver. 

The adrenals of dogs 17 and 18 showed marked polymorphonuclear leucocytic 
infiltration of the zona fasciculata, more intense and diffuse in dog 18. This 
may indicate reaction to early necrosis or capillary damage. The kidney tubule 
epithelium of dogs 17, 22, 23 and 24 showed considerable granularity and loss of 
cell outline. The appearance was not different from that seen in marked post- 
mortem change. However, in view of the early Zenker’s fixation of the tissues 
there is a possibility that the change seen represents antemortem tubule damage. 
Casts of packed epithelium were observed m the collecting tubules of dog 23. 
No abnormalities were found in the sections of the pancreas from dop 19, 20, 21, 
22, 23, 24 and in the hearts from dop 21, 22, 23, 24. A typical picture of the 
microscopic aspect of the kidneys, adrenals and liver is shoAvn in figure 4. 

Discussion. On the basis of the experimental data presented, some compari- 
sons of the action of trypsin and chymotrypsin can be made. The first difference 
is to be found in the action on the coagulation of the blood. Trypsin clots 
oxalated plasma or blood and accelerates the clotting time of whole blood. In 
large quantities, however, trypsin delays the clotting time of whole blood due to 
rapid fibrinolysis (7). Chymotrypsin does not clot oxalated pl^ma and does not 
accelerate the coagulation time of whole blood. In large quantities it delays the 
clotting time of whde blood by causing proteolysis or some other modification 
of fibrinogen and prothrombin (tables 1 and 2). , a 

Chymotrypsin was found in dogs to be lethal in doses of between 40 and 60 
mgm. per kgm. Twenty-five milligrams per kgm. or less did not cause death in 
the experimental animals. At necropsy, no intravascular coagulation was found 
by macroscopic examination, as was to be expected from the fact that chymo- 
trypsin does not cause blood to clot in vitro. In contrast with chymotrypsm, 
trypsin in rabbits and dop was found to be lethal in doses of between 5 and 10 
mgm. per kpn. (4) . Post-mortem examlfiation of animals injected with 2 mgnx- 
per kirn, or more oft^ypsin f requently reveals intravascular blood clots, in agree- 
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ment with the fact that, trypsin (‘aiisc^s the IjIoocI to clot in vitro (7). After iiije(‘.- 
tion of trypsin into animals, the elotting tiim^ of the l)loo(l often is found to be 
markedly prolonged and this jjrolongation has been att ributed to an intravascular 
coagulation accompanied by decreased fil)rinog('n and prothrombin concf'nt.ra- 
tions in tla^ cinailating blood. Such defibrination of tlu' circulating blood j)ro- 
duc('d by tlu' inj(H*tion of ti'y})sin can Ix' prevented by tlu' j)r('limitiary adminis- 
tration of hepai’in to the animal, suggesting that th(' defibrination is caused by 
tlu' clotting activity of the trypsin (1). 

Chymotrypsin prolongs the clotting time of dog’s blood but only wlu‘n 20 
mgm. {X'l* kgm. or moi'e an' injected. Tlu' data reported hei’(‘ indicate that 
chymotrypsin may digest or (‘om|)let('ly modify the j^hysiologic prop('rti('s of tlu' 
til)rinogen and prothi’ombin of the plasma in vivo and /// vitro, and it is probabU' 















lA . Liv(‘r, do^' 20, showing (*(‘n( ral necrosis wit h :iciit(' passive' conge'sl ion . Ah't liyl- 
en(' hliK' and pldoxine. X al)out -45 

Fig. 4 H. Kidney, dog 21 , showing granularity of t uhuh' ('j)it helium , loss of e('ll out line, 
and a(*tual loss of cells. Methylene blue and phlo.xiiK'. X about ^75 

Fig. !('. Adn'iial, dog IS, showing marke'd polymorphonuclear leucocyte' infill rat ie)n 
of zona fase'iculat a . iMe'thyh'ne' blue' iinel pldoxine'. X abe)ut )^75 


that th(' d('hiyed clotting time is du(' to the decrease in fibrinoge'ii and pre)thre)m- 
bin of th(' jdasimi l)rought about t)y tlu' pre)t(‘e)lytic a.(*tie)n e)f the chymotry|)sin. 

As far as the effect on tlu^ blexx! |)ressur(' is ce)nc('rne(h tlu' intravene)us injectieai 
of try])sin into de)gs ])re)duced a markc'd and rtipid fall in the blexxl ])ressure. 
The inithil effect of chymettrypsin on the blexxl pressure' was much le'ss inte'iise, 
as a cermparisem betwe'e'ii the' tracings e)btain('el with etie-h enzyme will sheaw (4). 
Part e)f the eliffer(me*e' can Ite explaineel [)re)bably by the fae*t that trypsin edehs 
ble)exi while chyme)trypsin does not. dlu' differene'e in the' pe])tiele linktige's e)f 
pre)teins attacked l)y each e'lizyme may ce)ntribute te) the elifference in physioletgi- 
cal aediems. This is sugge'sted by the findings of lle)cha E Silva whe) she)we'el 
that histamine is redease'd when smoejth muscle's are i)erfuseel with a se)lutie)n 
of trypsin (3). He suggeste'd that trypsin li})ei*ate's histamine fre)m t)re)tein- 




654 H. J. TAGNON, A. R. WEINGLASS AND W. E. GOODPASTOR 

ynstaraine complexes (3). It is possible that chymotrypsin does not liberate 
histamine from these complexes, or does not do so to the same extent as trypsm 
(8). Perfusion experiments using a solution of chymotrypsin should dai y 

cl.ymo.,ryp,,m cau»» pmteoly™ ot the fil.rin„gep and the pro- 

thrombin in vilvo as well as in vivo. 

The activity of intravenously injected chymotrypsin on 
persists in vivo for at least 40 minutes, as shown m hgures 1 and 2, 'vhah act 
Lkes the chemical determinations of fibrinogen and prothrombin difficult it 
not impossible as an index of the digestion of these substances m the circulating 

'’'The action of chymotrypsin on the blood pressure in the experiments reported 
here is characterized l.y a marked vaso-depressive action 

hours These changes oircurred only with .loses of chymotrypsin of 25 mgm. p.a 
kgm or higher. These doses pr<.duced a variable degree ot rise in the hemab.ci it 

f-hth when n sufficient puantity of chynnutrypsm u^. h- 

was some parallelism l.etween the effect on the hematocrit and ^li^tfect on 1 c 
blood pressure. 1 1 is noteworthy that in the 2 dogs where no significant (diangcs 
in blood pressure followed the injection of 25 mgm. per kgm^ ot cdiymotiypsin, 
no significant change in the liematoc.rit was observed (table 5, d..gs 1 / 18). 

Ilctwever, no changes in the hematocrit values were observed following the 
injection of 40 and 45 mgm. respectively of cliymotrypsm per kgm. ot body 
weight in 2 splenectomized dogs, although deep shoc.k was pr.idiiced ^ ‘ 
them (table 5, dogs 25, 20). This latter finding strongly suggests that coi - 
traction of the spleen is responsible for the rise in hematocrit observed m noimal 

does after injection of chymotrypsin. • • p- , 

The morphologic changes observed in dogs after H^t'-^venous mjections 4 
chymotrypsin were most marked in the liver, and less marked lesmns we e also 
found in the ki.lneys and adrenals. It should be noted that m all ™ 
for examination were excised and fixed immediately after . eath. Ihes. moi 
phologic changes are not specific and no explanation is offered oi t le m.x lanism 
of their prodiiction. It is ,)ossible that more definite changes m the organs 
v'oiild have been observed if the dogs had been kept alive tor a lew days atte 
the injection of chymotrypsin and then kilted for examination oi the morphologic. 

''TS are at least five experimental con.litions characterize.!, in dogs, by a 
mark.>d depression of the blood pressure accompanied by prolongation ot the, 
clotting time of the blood. They are anaphylactic shock, peptone shock ti yps 
shock, the shock produced by the intravenous injection of thrombin ami the sh.K^ 
produced by the intravenous injection oi chymoti^psin. Thiee different 
Inechanisms account for the prolonged clotting time in these five types of shock 
In anaphylactic and peptone shock, the prolonge.! clotting t™e ^ ^ 

of heparin (3) ; in shock produced by trypsin and thrombin it has been explained 
defibrination (4); in shock produced by ..hymotrypsm he 
present data indicate that it may be caused by a direct proteolytic action of 
enzyme on the fibrinogen and the prothrombin in the circulating blood. 
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The mechanism of chymotrypsin shock is not explained by the data presented 
here, but in view of the proteolytic action of chymotrypsin in vivo, it is suggested 
that the shocking action may be brought about by the products of proteolysis 
of the animal’s own proteins, but the results of in vitro experiments indicate that 
the amoimt of such proteolytic products must be extremely small. The ability 
of proteolytic enzymes to produce a shock like condition receives added signifi- 
cance from the fact that liberation of such enzymes in the blood stream is some- 
times observed in traumatic and hemorrhagic shock in humans and experimental 
animals (9). 


SUMMARY 

1. The effects of intravenous injections of chymotrypsin into dogs was studied* 

2. Chymotrypsin brought about proteolysis of fibrinogen and prothrombin 
in the circulating blood, thereby prolonging the clotting time. 

3. The lethal dose of chymotrypsin was found to be between 40 and 60 mgm. 
per kgm. of body weight. 

4. A prolonged depression of the blood pressure was observed with intravenous 
injections of from 40 to 50 mgm. per kgm. 

5. The immediate and transient effect on the blood pressure of from 3 to 25 
mgm. of chymotrypsin per kgm. was much less pronounced than the effect of 
comparable amounts of trypsin. 

6. Pathological changes in the liver, kidneys and adrenals were observed after 
intravenous injection of large doses of chymotrypsin. 
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It is weU known that the exposure of animals to 0* at Wgh 
i e to either ptire oxygen at pressures in excess of one atmosphere, g 

miitura at ptesaures auch that the partiJ pressure 

is iheater than one atmosphere, causes them to manifest reactions ahicn imte 
3^^ to' as those of O, poisoning. These reactions, the 
features of which are dyspnea, motor disturbances, 

the exposure is severe, become particularly acute and stnkmg in U 2 pressure 
It frTsTo 4 atmospheres and above, although there is a wide mdividual 
variation both in the susceptibUity to this toxic action and m the seventy the 

"^^^^OTery from these effects in many cases appears to be rapid and ^ 
ind^ TcLplete, but examinations of the various reports and experiment^ 
data reveals sufficient evidence to render of dubious va,lidity t ® £ 

Mb recovery as an invariable occurrence, and senously to question the bdmt 

that it is instant or that it is always complete as has bwn hd y ^ 
t^ Animals which have been exposed to OHP, and particularly those which 

have btn convulse thereby, not -frequently Main 

fituDorous states with or without any associated motor disturbance, m s 

persistence of post-decompressional effects, slight as *^®y ® “ thTc N s’ 

hidicates the retention of some etiological factors which influence the U.N.fe. 
M s^me tMe after the animal’s mtum to normal environment^ 
conceivably it might be a retention of some toxic substance, or the mju y 

“T^udy* reautiou* should 4emfo«, help to 

el^y Slelture. S the to™ influence of OHP But ™eh .tody has 

inheiilt difficulties; these posWecompressional manifestations of C.N^b^ 

Svo^l^t are frequently transient, and attempts to augment -d probn^ 
thim by increased severity of the exposure to OHP, usuaUy result m the death 
pteing either to pmfound C.N.S. etfecto, or to tog 
both. However, becauee most animals possess a fo, 

recovery from OHP, and because the post-decompressional 
s^r^I tMe the intensity of those effects shpuld be enhanced and their duration 

prolonged,’ thus rendering them more amenable to study , by sX?tone 

PXDQsures 80 spaced as to produce additive effects without at the same tame 

introducing serious complications of pulmonary damage or causmg ea o 

the animals. 

I Preliminary report in Fed. Proc. 2: 2, 1943. 
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Such procedures were therefore carried out in experiments on healthy young 
adult albino rats. The exposures to O 2 (U. S. P.) at pressures of 65 pounds 
(gauge) were made in a pressure chamber supplied with ventilating devices and 
soda-lime cartridge for CO 2 absorption; as an additional precaution against 
the accumulation of even small amounts of CO 2 in the respired gas — a factor 
of paramount importance where OHP is concerned — a layer of soda-lime was 
spread in the chamber beneath the false floor supporting the animals. Before 
each exposure the chamber was washed free of air by a rapid flow of O 2 from the 
supply tank. The temperature was maintained at about 24°C. and throughout 
the exposures the animals were under the observation of the operator outside 
of the chamber. 

The duration of exposure was determined by the individual response of the 
animals so that since the susceptibility varied widely in different individuals 
the duration of exposure was not uniform in all cases. Decompression was 
usually begun either with the onset of those symptoms which commonly herald 
the approach of a convulsive attack, such as twitching of facial or body muscula- 
ture, or, since some animals go into coma and succumb without being convulsed, 
when the respiratory difficulty had become pronounced. For the most part, 
therefore, the exposures were relatively short, thus minimizing the occurrence of 
lung damage and fatalities. But in spite of these precautions, severe convulsive 
seizures were precipitated in some animals without the usual premonitory signs; 
in some other experiments in which attempts were deliberately made to induce 
convulsive attacks, the animals occasionally failed to show any reactions other 
than hyperpnea and lethargy even after exposures as long as 40 minutes. The 
usual range in the duration of exposure, however, was from 10 to 25 minutes 
with an average of about 15 minutes. 

Decompression was carried out in stages and occupied a period at least equiva- 
lent to the duration of the exposure to the increased pressure; this eliminated the 
possibility of bubble formation and its attendant complications. 

The spacing and the total number of exposures used varied widely in different 
experiments and, like the duration of each exposure, were determined by the 
individual response of the animals, the severity of the residual effects following 
several exposures, and the results desired. In the earlier experiments involving 
successive exposures the animals were usually subjected to 3 exposures per day, 
spaced at intervals of from 3 to 4 hours, following which they were given a rest 
until the next morning at which time another series of 3 exposures were given, 
depending upon the condition of the animals. Except for the time during which 
the animals were in the pressure chamber they breathed room air at atmospheric 
pressure. 

Results. Pronounced decompressional and post-decornpressional reactions 
commonly occurred following single exposures to OHP but the intensity and 
duration of these reactions showed wide individual variations. Those animals 
which were most profoundly affected during their stay at the increased pressure 
usually showed the more pronounced post-decompressional reactions but in this 
there were many notable exceptions and animals which had shown nothing more 
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tiiair respiratory dMSculty while imder the increafled piwsure, of were among 

those which succumbed shortly after their return to normal pressure. 

The susceptibility of the animals to the convulsant action of OHP was increased 
by successive exposure so that the length of exposure necessary to induce the 
typical pr^onitory symptoms of the convulsive attack was commonly shortened 
by as much as, and in some cases more than, 26 per cent; furthermore the 
sevbrity of the reactions was increased by successive exposures. This increase 
in susceptibility, however, did not always continue indefinitely; after some six 
or eifd'^t exposures it increased more slowly and in some instances remained 
without much further change, unless the program of exposure was altered. 

The character of the decompressional and post-decompressional reactions 
which occurred following the exposure to OHP suggested their classification into 
two phases: o, the acute, and 6, the chronic. Both phases were sometimes 
observed following single exposures to OHP, particularly if the exposure was 
severe, but usually the chronic phase was not induced by one exposure alone. 

The acute phase. In the acute phase are included all those disturbances ob- 
served during the period of decompression, and in the post-decompression period 
immediately following the animals’ return to atmospheric pressure. These, 
for the most part must be simply the continuation of those responses to OHP 
initiated during the animals’ stay at the increased pressure; in other words they 
represent a lag in recovery. The manifestations of the acute phase varied 
widely both in intensity and type of reaction. 

Among the acute reactions observed during decompression, the convulsive 
seizures were the most striking, and deserve special mention. They occurred 
very commonly just after decompression was begun; animals which had shown 
only very slight, or even no reactions while under pressure were frequently se- 
verely convulsed during the decompression. These decompression convulsions 
were grossly aimilar to the oxygen convulsions precipitated in a few animals 
before decompression was begun and they may, like some of the other reactions 
seen in the acute phase, represent a delayed recovery from the effects induced by 
the Os while under pressure. On the other hand the frequent postponement of 
their onset until after decompression had been started provides good reason to 
sxispect that decompression itself introduced some specific factor which pre- 
cipitated the attacks. In any case the decompressional convulsions as observed 
in our experiments cannot be attributed to bubble formation. 

The acute reactions were not confined to the duration of actual decompression 
but extendi into the post-decompressional period for various lengths of time. 
The post-decoir^ressional convulsive seizures, however, were seldom as severe as 
those seen eiti^ during the maintenance of the pressure or during the decom- 
pression, b|(f;;^nic spasms with opisthotonus, in some cases precipitated by 
>,onflUng tii 4 i' ^ii.niTnfl.lH , were not infrequently observed. A less severe and less 
extemftve but continuous hypertonicity with faintly palpable muscle tremors was 
pr^ent in some animals; others were distinctly hypotonic. Some were hyper- 
excitable and leapt into the air on being touched; in others the reflex respon^ 
to nocuous stimuli was absent or diminished., Striking states of catatonia in 
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which the animals could he moulded into bizarre attitudes were also observed; 
some animals were comatose. Many of those indivi.iuals able to walk did so 
vei v unsteadily and presented (svidence of marked disturbances m eciuihbnum. 
Very commonly only stuporous and lethargic states without any accompanying 

motor disability w(>re present. . • „ • • i 

'I'he acute reactions in the post-decomiiressioiial jieriod iollowiiig a single 
exposure to OHP was frequiaitly transient so that unless the reaction to the OHP 
was ])articularly severe, r(>cov(>ry appeared to be complete within an hour lol- 
lowing the animal’s return to atmosiiheric pressure. An interval ot 3 to 4 hours 
between su(;cessive exposures was therefori' usually more than sufficient oi 
reiaivery from the acutr; reaction following a single exiiosure, or the first few of 
a series of moderately severe exposures. But continuation of tlu' tnogram oi 
succi'ssive (ixposures progressively im-reased the seventy, and prolonged the 
duraf ion of th(> acute p()st-decompre.ssional n^actioiis to a point where length- 
ening f.he inter-exposure interval, or stopping the exiiosures ftir as long as a day 
or moiT, was lU'cessary to permit recovery from thi' acute (>ffect,s. 

In spite of fhe precautions taken to prevent the loss of animals, many suc- 
cumbed some aff er only one or a vmy few expo.sures to ( )11 P. But few animals 
di(>(l after having survived tlie acute pha.se of the .lecomiiressional and post- 
decompressional periods. 4'he mortality was higher at th(‘ beginning of each new 
series of ('xi)osures; this, no doubt , was due in iiart to the selective action ot tlie 
Olll’ and in part to a lietter evaluation of an animal’s susceiitiliility after ohsc'rvm- 
tions made on it during its first few exposures, 'rhe occurrence of these fatalities 
emiihasizes the difficulty of accurately predicting without previous trial just 
where ffie lethal effects of OHP Ix'gin in different individuals. 

After an initial diminution or disaptiearance following each exiiosure the 
acute iiost-decomiiressional effects mergcxl with chronic changes whicli, for the 
most part, developi-d gradually with successive exposures, showed httle or no 
(liminution between exposures and formed a background upon which acute 
('ffects of .subsequent exposures could still be superimjiosed. 

77, c chronic p/,a.sc. 4'h(‘ outstanding feature of the chronic ('ffects was a motor 
(Iv.sfunctiun, usually s(xm first, in the fore legs; the digits remained conlinuously 
tl^x.'d and in walking, the fore limbs, if ('luployed, were u.sed in pegleg fashion 
or as skids; not uncommonly locomotion was acconqilished m ffie manner ol a 
kangaroo. In more advanced chronic disturfianci's ffie foreliinbs were cmn- 
iik'tely incapacitated and the animal assumed a hunch('d-up position; in sti 
more seveiely affected animals all four limbs were incapacitated so that they 
w('re unable to stand or to right them.selvc's, ni'cessitatiiig special attention 


in f eeding and bathing. 

Some of thc'se features are shown in the accompanying illustrations. I’ '«”'*' 
I shows the condition in an animal 16 months after tlu' last ex()osure to 01 If . 
this animal typical of others similarly treated, was unable to right itsel' '.r t.o stand 
without aid, but with .some help to prevent its falling sideways, tlu. spasticity 
of its hind legs and tail supported its weight and the stiffened fiack maintaim'if 
the body in the upright position shown. Figure 2A shows a somewhat less s('- 



660 


JOHN W. TtEAN AND ERNEST C. SIEOFRIED 


verely. affected animal . The kangaroo-like stance mentioned above is well illus- 
trated in a third animal in figure 2B. . , , 

Some improvement was noted in the less severely affected individuals over 
a period of weeks or months after the last exiiosure to OliP, and a few ol these 
seemed to have either recovered almost compkd-ely or made compensatory ad- 
justments within periods of from four to six months. Ihe large majoiity, ow 



Fii?- 1 . Porniiuioiil spastic paralysis in tlic fore and hind limbs Hi months after tlw! as , 
exposure to 02 at 65 pounds’ pressure. The riRidity of the hind legs and tad support the 
body weight, but animal falls when side support is removed. J-’orelimbs and paws (ami- 
pletky incapacitated. This animal was subjected to M exposures, each of about 21 minutes 
duration, over a period of 8 days. Decompression t ime after each exposure was 20 minutes. 



Fig. 2. A. Permanent spastic paralysis in fore and hind limbs following 10 exposures to 
OHBP, each of about 25 minutes’ duration, over a period of 8 days. Decompression t ime 

each cxi)()sure was 32 minutes. i - i • 

B. less severe paralysis in another animal. Note the kangaroo like stance which is 

assumed in ihany of these animals permanent, ly alTected. 


ever, after showing some slight improvement, retained their disabilities per- 
manently; at least at the time of writing these disabilities have been retained 
with no appreciable abatement for periods as long as 16 months. Hus chronic 
motor dysfunction is essentially a spastic motor paralysis: the rigidity of the 
involved limbs is very pronounced but under maintained force applied to the 
plantar surface of the hind feet it gives way temporarily in a clasp-knife manner. 

The susceptibility of the animals to these chronic motor disturbances, like 
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that seeE in the acute phase, varied widely in different individuals. In a few 
animals chronic changes were induced by a single exposure to OHP . Some of the 
more severe chronic effects were observed in those animals which suffered con- 
vulsive attacks, but such attacks are not essential to the development of this 
chronic motor dysfunction, since it occurred also in animals which had shown no 
obvious acute motor disability or convulsive seizure either during or after 
decompression. 

The development of the chronic effects, like the augmentation of the acute 
effects, did not always progress indefinitely as the successive exposures were 
continued; some animals after having reached a certain stage of chronic involve- 
ment showed little further increase in disability even after prolonged extension 
of the initial program of exposures. But further augmentation of the chronic 
effects could be induced by increasing the duration of each exposure to the OHP 
or shortening the interval between successive exposures. In the less susceptible 
animals the interval between successive exposures was found to be an important 
determinant in the induction of the chronic phase; four exposures per day in- 
stead of the usual 3 distinctly hastened the onset and decreased the total number 
of exposures necessary to bring about chronic alterations. 

In addition to these chronic motor paralyses some few animals gradually 
became lethargic and anorexic following successive exposure to OHP. These 
animals were peculiarly resistant to the convulsive action of OHP but a number 
succumbed after only a few exposures. Autopsies revealed the lungs in some, 
but not in all of these to be clear, so far as gross pathology was concerned. 

Discussion. One of the supposedly characteristic features of the reactions to 
OHP, is the reversibility of the reactions when the animal is returned to normal 
atmospheric pressure; and it is true that some of the features of the response to 
OHP— especially the hyperpnea— is reversed by lowering the oxygen pressure, 
provided the exposure to the OHP has not been unduly prolonged and pulmonary 
damage has not been extensive (Bean, 1931). This reversibility ot respiratory 
effects finds a ready and adequate explanation in the r61e which endogenous 
CO 2 plays in poisoning by OHP. 

The respiratory reactions resulting from the more severe exposures, however, 
are not always reversible even where lung damage is not entirely responsible 
for those reactions and it was suggested (Bean and Rottschaler, 1938) that this 
lack of reversibility may be due to some irreversible alteration in nerve cells 
of the regulatory mechanisms of breathing as a result of the increased CO 2 ten- 
sion in the tissues, an increased acidity obtaining during the exposures, and a 
deleterious action of OHP itself. In any case, such results indicate that re- 
covery does not invariably occur, even though the blood pressure be fairly well 
maintained. 

Our present experimental results conclusively show that there are manifesta- 
tions of C.N.S. involvement in poisoning by OHP other than those involving 
respiration and that these manifestations commonly persist for variable periods 
after the return of the animal to normal conditions and in some cases remain 
permanent. In single exposures, there must be sub-symptomatic effects in the 
C.N.S. which are retained for some time after apparent complete recovery. 
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The convulsive seizures observed by Bert (1878) in dogs exposed to hyper- 
oxygenated air at increased pressures and which he attributed solely to oxygen 
poisoning, occurred, with few exceptions, either during or after decompression 
to normal atmospheric pressure. This persistence of effects after the removal 
of the original cause, led him to the belief that OHP produced some toxic chemical 
substance which outlasted the exposure to the OHP and which, acting on the 
C.N.S., primarily the spinal cord, gave rise to the convulsive seizures. 

These experiments of Bert might seem to provide very early evidence that 
recovery from exposures to OHP is not “immediate,” “instant or invariable 
as scane authors have reported (Shaw et al., 1934; Behnke et al., 1934). But an 
examination of Bert’s reports reveals that the experimental procedures he em- 
ployed do not justify his conclusion that the convulsions he described were 
simply those OHP. His decompressions were carried out entirely too rapidly 
even if he had employed pure O 2 as the compression medium, let alone his use of 
hyperoxygenated air in which the O 2 content was in some instances not more than 
60 per cent. Gas emboli must then have contributed to, if they were not often 
the sole cause of, the precipitation of many of his decompression convulsions. 
Hill (1912) maintains that the convulsions Bert details as O 2 convulsions were 
clearly the result of gas effervescence. 

Bert’s contention that the convulsions he described w'ere caused by OHP 
alone, is open to question for another reason, viz., the high CO 2 content of the 
respired gas. He felt convinced that the presence of CO 2 (in some cases 8 to 10 
per cent) was of no consequence under his experimental conditions in which his 
animals re-breathed compressed hyperoxygenated air. The post-decom- 
pressional reactions in Bert’s animals must therefore have included not only the 
effects of gas effervescence, but also those of high COo concentrations, in addition 
to the toxic effects of OHP itself. 

The report of Thompson (1889), whose experiments on OHP are open to less 
criticism on these grounds than are those of Bert, also .show's, however, that 
animals which had been exposed to OHP did not recover immediately on their 
return to normal atmospheric pressure; additional evidence that the recovery 
from oxygen convulsions is not immediate is found in the work of Ozorio de 

Almeida (1934). . 

Furthermore in experiments in which the possibility of decompressional 
effervescence and CO 2 effects have been eliminated by suitable precautions, one 
of us has observed over a period of years, that while the return to atmospheric 
pressure . after relatively short exposures of unanesthetized rats is followed by 
what appears to be a rapid recovery, there often persists stupor or some minor 
motor dysfunction even though the reaction during the exposure to OHP may 
tiave been slight and the convulsive stage never reached. There is on the whole, 
then, considerable evidence tl^^t the recovery from exposure to OHP k by no 
means always immediate or instantaneous. Our observation that in most 
animals permanent disability is induced more readily by a program of 3 or 4 
exposures per day than by 1 or 2 per day -points to the possible importance of 
the over-lapping and the additive nature of the sub-symptomatic change^induced 
by each exposure. 
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Bert, having attributed the convulsive seizures and post-decompression al 
reactions to some intermediate toxic substance produced by the OHP, attempted 
to demonstrate the presence of such substance in the animals which had been 
convulsed, but neither his own nor somewhat similar attempts of subsequent 
investigators (Campbell, 1937; Bean and Bohr, 1940; Iwanow et al., 1934) were 
successful. Such negative results might be variously interpreted; they strongly 
suggest that no specific toxic substance is formed in exposures to OHP, yet it 
is conceivable also that a toxic substance thus far not demonstrated because of 
its transiency or its minute quantity might still induce tissue injury, which 
would then act as the immediate cause of the post-decompressional reactions. 
Earlier search for explanatory pathology in the C.N.S. (Bert, 1878; Shilling and 
Adams, 1933) has been unsuccessful. 

In spite of the failures, up to now, to demonstrate either a toxic substance 
or tissue injury as the immediate cause of the convulsive seizure or post-decom- 
pressional reactions, the present experiments conclusively show that prolonged 
and permanent disabilities occasionally do occur following a single exposure 
to OHP, and that such permanent disabilities can be regularly developed by 
successive exposures. This must mean that in those cases where the acute post- 
decompressional effects of a single, or of the first few of a series of exposures 
are seemingly short lived, there still remain residual sub-symptomatic changes, 
which, with successive exposures, become additive and eventually result in a 
permanent objective symptomatology that cannot be explained as of “functional’^ 
origin (Smith, 1899). While apparent recovery from very severe reactions to 
OHP is frequently dramatic, the results of our present experiments are at distinct 
variance with the view that “complete recovery invariably follows removal fium 
oxygen” (Behnke and Shaw, 1937). 

The explanation for the acute and chronic reactions nnght then be somewhat 
as follows: The acute reactions which occur during the actual exposure of the 
animal to the OHP, those seen during the stages of decompression, and those of 
the immediate post-decompressional period, can be attributed to transient toxic 
substances together with an almost completely, but not immediately, reversible 
tissue injury which those substances induce. The accumulation of endogenous 
CO 2 within the tissues due to a disturbed CO 2 transport, the increased acidity 
and the direct toxic action of OHP on enzymes, all of which conditions obtain 
in OHP, serve as the transient toxic agents; neither the reactions nor the condi- 
tions demand the postulation of a specific intermediate toxic substance such as 
Bert suggested. 

The chronic post-decompressional effects, manhest by persistent and perma- 
nent disability cannot however, be explained adequately on the basis of some 
toxic substance acting as an immediate cause. The more logical and well nigh 
inescapable interpretation would be that the immediate cause of such disability 
is a very slowly reversible or irreversible tissue damage within the C.N.S. 
induced by the actions of the transient toxic substances mentioned above. 

The respiratory difficulty linduced by subjecting an animal to OHP is enhanced 
by successive exposures; this suggests that pulmonary damage is increased in 
such procedures. Herderer and Andre (1940) report that the lungs become more 
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susceptible to the damaging action of OHP with repeated exposures. But this 
enhancement of the respiratory response may also be interpreted as 
effects on either central or peripheral nervous mechanisms concerned with 
respiratory regulation. Be that as it may the respiratory difficulty seen durmg 
the stay in OHP and during the acute phase following decompression does not 
constitute a significant feature of the chronic phase of the post-decompressional 
reactions. 

SUMMARY AND CONCLUSIONS 

1. Young adult unanesthetized rats were subjected to O 2 (U.S.P.) at 65 
pounds' pressure in short, single or successive exposures, for the purpc^e of 
studying recovery reactions. The chamber temperature was mamtamed at 24 C 
and the COs absorbed. Decompression was carried out in stages to prevent 

bubble formation. ^ 

2. The reactions observed during the decompressional and post-decompres- 

sional periods were divided into o, acute, and b, chronic. The acute reactions 
occurred during decompression and immediately following decompression; they 
included various manifestations of C.N.S. involvement such as stages of stupor, 
coma, catatonia, hyperexcitability, hypotonia, and hypertonia, as well as tonic 
convulsive reactions, motor dysfunction and dyspnea. Although some animals 
possessed remarkable capacity for recovery from the acute effects, such recovery 
was rarely, if ever instantaneous or immediate, even after single exposures. 
Acute reactions persisted for various periods of from a few minutes to as*long 
as several days after the animal’s return to normal pressure, depending on the 
individual peculiarity and the severity of the exposure. /„ • 

3. After apparent complete recovery from the acute reactions followmg a 
single exposure, subsymptomatic alterations persisted in the tissues for some 

time; that this is so was shown by the finding that successive exposures to 

appropriately spaced so as to permit symptomatic recovery following each 
exposure, induced an additive effect which augmented the severity and prolonged 
the duration of the subsequent acute reactions. 

4 The chronic effects were characterized by spastic motor paralyses which 
in the less severe cases involved only the fore legs but which in more pronounced 
cases affected almost the entire body musculature. These chronic effects were 
regularly induced by successive exposures (usually 3 per day) ; for the most par 
they developed gradually but occasionally they appeared after a single exp^ure. 
The spacing of the successive exposures was found to be an important de er- 

minant in the induction of the chronic effects. ^ j 

5. Some degree of recovery from the chronic effects, or a compensatory read- 
justment, was observed in some anmals over a period of weeks but only m minor 
cases did it appear to be complete. The chronic effects were predommantly 

*^™Sffiaals showed a wide individual variation in their susceptibility to 
the induction of the chronic effects. Pennanent motor paralyses were mduc 
in some animals which had failed to show any evident acute reactions. 
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7. The occurrence of convulsive attacks or lesser disturbances during either 
the exposure to, or the decompression from, the OHP, was not essential to the 
induction of the permanent motor disabilities by successive exposures. 

8. The susceptibility of the animals to the toxic action of OHP was pro- 
gressively increased with successive exposures but this increase did not continue 
indefinitely ; after having attained a plateau the susceptibility remained rela- 
tively constant unless the program of exposures was altered. 

9. The reactions occurring in an animal during its exposure to, and decom- 
pression from, OHP, as well as the more transient of the acute post-decompres- 
sional reactions, would appear to be best explained as due to the toxic influence 
of an accumulation of endogenous CO 2 in the tissues, increased tissue acidity 
and a direct action of OHP on tissue enzymes; the more persistent of the acute 
post-decompressional effects may be attributed to more slowly reversible altera- 
tions in the tissues, conceivably a slowly reversible tissue injury induced by these 
same transient toxic agents. 

10. For an adequate explanation of the chronic post-decompressional effects, 
manifest by permanent motor disability, there is little choice other than that 
of an irreversible tissue damage and degenerative changes within the C.N.S., 
induced by the toxic agents referred to. The nature of the permanent disability 
points to the upper motor neurone as a part prominently affected, although the 
involvement of other portions of the C.N.S. is not ruled out. 
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The Boyle and Conway (1) theory of the state of electrolytes musck 
demands that a small quantity of chloride be Present s thejiber '"^ter _ 
is contrary to the earlier evidence reviewed by Fenn (2) which sugg^ted that all 
cUoiide I extracellular because of the similarity between the 
cellular space and the “chloride space”, that common water ^ 

the chloride of muscle must occupy if it is to have a uniform concentration equa 
to that in plasma water. The Conway (3) group found evidence of hbe 
chloride in the fact that the chloride space of frog sartoru exceeded the muhn 
snace deter^ned after immersion of the muscle in inulm-Barkan solution. On 
‘analyzing isolated washed frog muscle fibers, Dean (4) found 
but Lilbrunn and Hamilton (5), in a hot water extract of isolated liters, found 
nrobably more chloride than is demanded by the Boyle and Conway theory. 

In Seised muscles immersed in artificial media containing very high concen- 
tratirof potassium, Boyle and Conway (1) found f -nten of fibe^« 
estimated by means of inulin space to vary according to their theory. In^reasmg 
ruStSs of pLssium in the external medium are supposed o c^arry chloride 
Z o he Me anions into the fibers as the potassium salt thnmgh mem- 
infpLfas a Donnan equilibrium (see Wilde, G) Since at eqmhbnujn the 
KCl salt will have attained a given concentration in a ceitam y<> ume o 
wSir, an Increase in the latter volume, as imposed by ^^ot-i^ the^ej. 
temal medium, must carry an additional KCl content inside ® ^ 

change of either type is predicted to produce changes hardly detectable with 
present analytical methods, but application of both simultaneously should can. 

^T^^S^b^n tested in live nephrectomized rats by injecting potassium in 
dels sufficiently mild or physiological that the rats could at least ^ate ^bou^ 
Fiber chloride was measured as the difference between chloride and muhn space 
multiplied ,by plasma chloride concentration. Special modifications of recent 
TnXat m^h^cds for inulin and chloride provided analy^of 
common zinc filtrate prepared from a single 

further improved by application of a colorimetric method for muhn which give 

a negligible control ‘‘blank'^ for muscle. _ onH spy were 

Phocdukf, *no mfthobf. Two albioo ml. of the 
oephrectomized under ether by retroperitoneal f 

• I «<,v;+rtr«oflllv fifi cc per kilo of a solution contammg 3.75 grams per cen 
1 Part of this work was summarized in Science 98 ; 202, 1943. 

AAA 
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in rat B, 60 mM K replaced equivalent Na in the above solution and only this 
rat had access to water during the 22 hours' equilibration. 

After anesthesia with Na amytal, 100 mgm. per kilo injected under the 
shoulder skin, the rat was bled from the cut throat over a lunnel with the aid 
of massage of limbs and abdomen. The plasma samples and hematocrit ratio 
were obtained by centrifugation of the blood thus collected in a 15 cc. graduated 
tube containing anticoagulant ammonium oxalate, 2 mgm. per cc. of blood. 

Inulin and chloride in minced muscle were measured in a Somogyi zinc filtrate 
after addition of NaNOs such that the NOa/Cl ratio was about 50. While the 
nitrate presumably rendered any “adsorbed" chloride “free" by anionic exchange 
it also peptized a muscle substance which gave an interfering green color in the 
Seliwanoff color reaction used for the colorimetric determination of inulin as 
fructose. This difficulty was obviated by adding the nitrate crystals after re- 
moving the very small volume of filtrate needed for the determination of inulin. 
The great bulk of filtrate used for chloride was concentrated by evaporation 
before adding the acidified silver nitrate for the Van Slyke wet ash procedure. 
The end point of the Volhard titration was very distinct and the yield exceeded 
that from wet ashing by 38 per cent of itself, a yield similar to that from the hot 
water extract of Heilbrunn and Hamilton (5), who first called attention to this 
defect in the digest procedure for muscle. Repeated determinations were much 
more uniform in yield than were those done by digestion. 

The detailed procedure followed in the analysis for inulin, chloride, water, 
potassium, and fat is as follows: 

Strip only white sheet muscles from both thighs of the rat into slender pieces. Remove 
all visible connective tissue, fat, and blood. Store the strips in a glass covered bottle 
during this processing. Finally mince them to a pulp with scissors and mix thoroughly on 
a glass plate. 

Determine inulin and Cl of muscle from 4 grams of mince placed in a 100 cc. porcelain 
mortar. Grind the muscle thoroughly in 4 grams of Cl-free sand. Since aliquots of filtrate 
for determination of inulin and Cl are required, subsequent additions of fluid reagents must 
be quantitative and in sum equal to 100 cc. Add 4 cc. of a mixture of 0.5 N H 2 SO 4 and 0.5 
M ZnS 04 and grind to a paste. Mix in 4 cc. of aqueous NaOH of such strength that 1 cc. of 
zinc sulphate solution containing phenolphthalein is permanent pink on addition of 1.2 cc. 
of NaOH. Add with stirring 92 cc. of redistilled, Cl-free water. Let stand covered one 
hour with occasional stirring. Transfer to a glass-stoppered Erlenmcyer flask washing in 
all the brei with supernatant fluid. Let the brei settle until several cubic centimeters of 
clear supernatant may be decanted for the inulin sample. Filter the latter repeatedly until 
clear through Sargent no. 501 filter paper. Take 2 cc. of filtrate for the Seliwanoff color 
reaction for inulin oi sucrose as fructose as developed by Steinitz (7). Return any excess 
filtrate to the flask for subsequent Cl analysis. 

Determine inulin and Cl of plasma in aliquots of a single zinc filtrate. Pipette 1 cc. of 
plasma into a 50 cc. volumetric flask along with about 30 cc. of Cl-free water. Add separate- 
ly with shaking 1 cc. each of the zinc and hydroxide solutions. Add water to the mark, 
shake, let stand, and then remove and filter slightly more than 2 cc. of the clear fluid for the 
inulin analysis. Dilute 2 cc. of this with 4 cc. of water and carry 2 cc. of the diluted material 
through the inulin color reaction simultaneously along with the muscle sample and a suit- 
able inulin standard. Measure the light absorption of these consecutively in the same 
tube in a Klett-Summerson photoelectric colorimeter using filter no. 50. (The performance 
of stock filters varies one to the other. Choose a filter w’hich gives maximum absorption.) 
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The concentration of inulin in the three samples is about 0.04 mgm. per co., within 10 i»r 
cent of each other, of that absolute concentration and range of concentration found by 

^**M)Mclebl^L^m 4 rats average 4.6 colorimeter scale units, which “ 

average experimental inulin reading, 81.0. The range of distribution of the blank values 

is 3.3 ^r ce^t of 81.0. Subtract the blank value from each muscle inulin reading and correct 

also for the plaisma blank, 0.56 scale unit. i .u • r • tnbp 

In calculating the inulin space of muscle coMider that the qq ^ 

has for muscle been diluted by the water of the muscle samp e as well m by the 1(X) cc. ^ 
water and reagents added and that the inulin of the 1 co. of plasma has been diluted to IW 
rtiS the J^sta^s of dilution. Inulin space in liters per kilo of fresh muscle is 
equal to inulin content of muscle divided by inulin content per liter of plasma water. Wit 
miTira^ plasma inulin samples so closely matched, inulin conte Js 
proportional to colorimeter readings and we write inulin space of muscle equal to 

(lOOO/gram muscle 8ample)(100 + gram sample water)(Klet t re^mg) 
(1000/gram water in 1 cc. plasma) (150) (Klett reading) 

To complete the analysis for muscle Cl, place 340 mgm. of Cl-free NaNO, crystals in the 
Erlenmeyer flqsk, shake! and let stand overnight. Filter and concentrate by evaporation 
the filtrate measured 25 cc. at a time into a 50 cc. Pyrex centrifuge tube with short conical 
bottL. Heat the tube in a water bath and further accelerate AtteTSo^t S 

over the fluid air dried by bubbling through concentrated ^ S (8) ^ 

cc. of filtrate has been concentrated to about 3 cc car^ out Van 
Cl by digesting the filtrate 20 minutes with nitric acid-silver nitrate. « 

coairutates the AgCl precipitate and so improves the end point of the Volhard titration. 
FurVer sharpnew results from chilling the tubes and centrifuging down the precipitate 

^“ntS’yield of chloride from this NaNO, -zinc filtrate is used as a standard 

the vLld from the Van Slyke digest is 38 per cent lower, that from the plain ««« ^e is 

15 ir cent lower, and that resulting from multiple extraction of a zinc P'’®®‘P^f ® 

NaNO. solution is 6 per cent higher. Tests run with blanks and knowns verify the foil 

ing: Slat Ihe redistilled water and all reagents are Cl-free; that 

centration process there is no loss due to heat or 

air; that the presence of NaNO, does not affect the value of knowns The muscle chlonu 

to the volumetric flask The final filtrate measures about 35 cc. and is concentrated in one 
sut il tS ec tut: Hasma Cl by this method exceeds that from direct digestion rather 

'“Stfdettcetirrl per kilo of fresh muscle is equal to m Eq. of Cl per kilo of muscle 
With concentrations and volumes in two of P^*^? 

10 bo Ibe UrrsoM o( the three phue. (Penn. 2), it .uSei.nt to reprereot the oono. 

‘tliVlIhlTreS >«■> ““1 

by the use of the control rats A. 
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Determine muscle water and potassium from one gram of mince in a covered platinum 
crucible: water content as weight loss overnight at 105 °C. in an electric oven; potassium 
from the residue wet with dilute sulphuric acid, dried, and ashed 8 hours in an electric 
muffle furnace heated slowly up to and maintained at 575°C. as tested each time with Seger 
pyrometer cones. Analyze for K by a modified Shohl and Bennett chloroplatinate method 
(9, 10). 

Determine plasma water and potassium from 1 cc. of plasma in a platinum crucible 
treated as above for muscle. 

The neutral fat of the muscle mince from four B rats, measured according to Buell (11), 
averages 1.9, with a range of 0.5, per cent of the dry weight of muscle. The average weight 
of a kilo of fresh mince, when dried, is 0.25 kgm. All measurements in terms of dry weight 
are referred to this figure. The small error, 0.5 per cent, due to variation in the fat content 
of the dry mince is ignored. 

TABLE 1 

Water phases of sheet thigh muscles in nephrectomized rats (liters per quarter kilo of dry 

muscle) 24 hours after injection of solution A (no potassium) into litter mate A and of 
solution B (high potassium) into mate B 

Extracellular values Ei and intracellular values I determined from the partition of inu- 
lin; Ecl, from chloride. Ei for “Rat’^ calculated from the quantity of injected inulin and 
expressed as liters per kilo of rat. ‘‘A Wt.’* of ‘‘Rat*’ equals weight loss of the rat minus 
dried feces voided, as per cent of initial body weight after nephrectomy. 


LITTER MATE A LITTER MATE B 


PAIR NO. 

Muscle 1 

Rat 

Muscle 

Rat 

Muscle 

Rat 

Muscle 

Rat 


Ecl 

Ei 

Ei 

I 

A wt. 

®C1 

Ei 

Ei 

I 

A wt. 

1 

0.228 

0.169 

0.289 

0.592 

-3.7 

0.212 

0.155 

0.281 

0.655 

-1.5 

2 

0.228 

0.166 

0.253 

0.635 


0.241 

0,149 

0.216 

0.707 


3 

0.162 

0.133 

0.396 

0.630 

-2.7 

0.219 

0.143 

0.310 

0.703 

-0.8 

4 

0.178 

0.122 


0.612 

-1.0 

0.171 

0.101 

0.284 

0.691 

-2.8 

5 

0.125 

0.114 


0.628 


0.178 

0.133 

0.290 

0.690 


6 

0.203 

0.140 

0.322 

0.622 

-6.0 

0.198 

0.120 

0.430 

0.720 

+7.0 

7 

0.153 

0.109 

0.305 

0.629 

I -2.6 

0.194 

I 0.129 


0.684 

+2.4 

8 

0.153 

0.115 

0.395 

0.615 

i -4.5 

0.183 

0.137 

0.356 

0.642 

-2.6 

9 

0.163 

0.150 


0.600 

-6,4 

0.150 

0.100 


0.710 

-0.2 

Mean 

<r 

0.177 

0.135 

0.023 

0.327 

0.051 

0.618 

0.018 

-3.84 

1.80 

0.194 

0.130 

0.016 

0.310 

0.060 

0.689 

0.027 

+0.21 

3.21 


“Ei” for pair no. 2 determined from sucrose; rat 8 B given no water to drink. 


Results and discussion. The inulin space. The interpretation of the data 
presented depends upon the validity of the inulin space as a measure of the extra- 
cellular space E of rat muscle. Measurements of the inulin remaining in the 
peritoneal water found in some rats demonstrate that the passage of the inulin 
to the plasma had reached equilibration. Preliminary comparison between E 
derived from inulin and from the much smaller molecule sucrose is available. 
The Ei of muscle measured with sucrose in rat pair 2 of table 1 is almost identical 
to that of their litter mate pair number 1 measured with inulin. E values for an 
entire rat, as measured from the quantity of inulin injected, are also given in 
table 1. In rats A the average E, 0,327 liter per kilo minus 0.066 liter, the 
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quantity of isotonic sodium salt mjected, leaves 0.26 liter, 

Tliifi aoDroximates values by other methods for laboratory animals as listed ^n 
^ iStoe foulL was used in all the other rats. It develops more color 
per molecule than sucrose in the Seliwanoff reaction and can therefore be u e 

Tc'lulated from chloride exceeds E from 

».s A or B (table IX !» «te » 

cance of the difference between paired values the probability P 

in either rat group that such a difference could arise in random samples from a 

n rtnni Thp differences (Eci~Ei) when averaged separately for rats A 
common pool, me ainerences v^ci + yT>fini»'i Thp E soaces 

and for rats B also show means significantly different (P, 0.0 ). 

for inulin and for chloride are not only different in an absdute sense but the 

difference changes functionally in passing from ^oup o . 

This is attributed to the entrance of more chloride mto the muscle fibers or 

rises 4.54 to 6.98 E,. (table 2). 

?hl. tocL* of 2.44 m Eq. is signifie».t by t test (P, 0.017) and teptesenls a nse 
7 ner cent over the A value for fiber chloride. j* „ 

Fiber chloride in relation to fiber water volume arid plasma p^ssitm. Accor mg 
to the Boyle and Conway theory, the chloride content of muscle fibers 

ferred to 


cii = Oil I = (Cl/d) K I. 


( 1 ) 


Ck rote™ to rite cooeentraUon ot cUoride io 

substitution in the last member comes from ^ are all con- 

(Cl/d) K, in which d, the sum of all diffusible amons, and Cl a 

centrations in extracellular water. , 14 . 1 , 4 . r +V. 4 . A fihors ("table 1> 

The water eonteot of the B rat fibers exce^ed that rf the ^ fitas (toMe ) 
hv 0 689 - 0 618 or 0.071 liter per quarter kilo of dry muscle. The probabuuy 

tit the difterene. is Menifieaat is ies. «>»» "■'""I ““■* 

increase of 0 071 /0.618, or 11 .5 per cent of the A fiber water. Part o 

“rTrl fl the drirrhiag water aUowed oniy the B 

of the oercentage change in body weight m groups A and B (AWt., table ; 

tr+ht The nrobabilitv is 0.019 that the difference m body weight 
Sge is insignificant. Rat B 8 received no drinking water and 
half the average fiber water increment; rat B 1 may not have drunk. y 

and Conway theory applies (1, p. 17), the remainder of the water ^ 

the B fibers came in part from water injected as the isosmotic potassium s 
If the B solS. Since this salt is assumed to enter freely into the fibers t 
has no control over water. Water injected with potassium is supposed to act 
wlteJ alone and to enter the I and E phases in proportion to their ongmal 
wlrdntent In consideration that the volumes of splution injected into the 
rr^o^were equal, the difference in behavior of water ^nticipal^ would be 
that exp^ted if the B rats lost sodium Ebm E in-equivalents equal to the poto- 
MiJiiSted In this connection the fibers of rat B 8 , which drank no water, 
took up water equal to half the average increment found m rats which did dr . 
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The predicted chloride increment due solely to water uptake by the B fibers 
is seen to be (CIi)bAI, 10.12 X 0.071, or 0.718 m Eq. per quarter kilo of dry 
muscle. That amounts to 0.718/2.44, or 29.5 per cent of the observed increase 
in fiber chloride. Without this increment relegated to water uptake the remain- 
ing 70.5 per cent of the change in content of chloride, that related to the elevated 
plasma potassium, would have been barely significant (P, 0.079). Unfortu- 
nately the water contents of the fibers within the groups A and B are not scat- 
tered over a wide enough range for calculation of a reliable correlation coefficient 
between I and CU. 

The plasma potassium values are sufficiently scattered to warrant application 
of a gross correlation. The correlation r between K and Cli (table 2) in rats A 


TABLE 2 

Electrolytes in nephrectomized rats H hours after injection of solution A (no potassium) into 
litter mate A and of solution B (high potassium) into mate B 


Cl and Ch, m Eq. of chloride per kilo of water in plasma or muscle fibers respectively; K, 
m Eq. of potassium per kilo of plasma water. CL (in boldface type), m Eq. of chloride in 
the muscle fibers associated with a quarter kilo of dry muscle. 


PAIR NO. 

LITTER MATE A 

LITTER MATE B 

Ch 

\ 

K 

Cl. 

Cl 

Ch 


Ch 

Cl 

1 

10.7 

7.0 

6.4 

107.7 

10.3 

10.7 

6.7 

118.0 

2 

9.0 

8.5 

5.7 

92.0 

12.9 

14.7 

9.1 

98.6 

3 

4.9 

6.9 

3.1 

107.0 

12.1 

12.4 

8.5 

111.3 

4 

9.0 

10.1 

5.5 

98.0 

11.2 

15.9 

7.7 

111.0 

5 

1.9 

7.4 

1.2 

109.3 

7.0 

11.8 

4.8 

107.2 

6 

13.2 

14.9 

8.2 

98.4 

11.6 

14.2 

8.4 

108.4 

7 

8.0 

8.1 

5.0 

112.4 

10.0 


6.9 

106.7 

8 

7.0 

8.3 

4.3 

112.3 

8.2 

10.8 

5.3 

115.3 

9 

2.5 

8.6 

1.5 

113.2 

7.7 

8.8 

5.4 

108.3 

Mean 

7.35 

8.87 

4.54 

105.6 

10.12 

12.41 

6.98 

109.4 

<r 

3.51 

2.32 

2.16 


2.07 

2.22 

1.45 



is 0.617. The probability P that this figure arises from uncorrelated material, 
as tested by the application of the “analysis of variance” adapted to a table of t 
(12, p. 171), is 0.076. In the B rats r is 0.777 with a P value of 0.024. For the 
combined rats r is 0.647 and P is 0.005. While such a correlation affirms the 
validity of the Boyle and Conway concept, it does not deny the possibility of the 
adsorption of chloride as the potassium salt. 

Unfortunately the overall relation CL = (Cl/d) Klis hyperbolic rather than 
linear and so cannot be fitted to the technic of “partial correlation” to test the 
relative importance of changes in I and in K. 

Concentration of fiber chloride in relation to plasma potassium. Stronger con- 
firmation of the Boyle and Conway concept comes from correlating the concen- 
tration of plasma potassium K with Ch, the concentration of chloride in fiber 
water (table 2). If chloride in muscle is adsorbed at immobile valence points as 
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the salt of potassium, in consideration of the small quantity of chloride at present 
relegated to the fibers, it seems unlikely that it would ^ja-ve any domm^mg 
osmotic control over water. In an adsorption coxnplexK should “o relatmn 
to chloride in fiber water, to its concentratim m fiber ® ^ 

Conway theory demands this relation. Among rats A, r is 6.602 with P ^u^ 
to 0.041; in group B, r is 0.686 and P is 0.061; for the combined rats, r is 0.710 

^From^thf^combined matched values from rats A and B the regression line, 

Cl Q 28 + 0.795 K, has been fitted. This is analogous to equation (1) of 
Wilde mentioned above: Ch = (.Cl/d) K. According to Boyle and Conway 
(p 17) as interpreted by Wilde (6, p. 110), when K is elevat^ by 
Dotassium for sodium or N, in E, as was done in the B rats, E shrmks for reasons 
mentioned above. Thus while E loses some of all anion types along with 
potassium to the fibers, it also loses water to the fibers in such a way as to k^p 
S N + K constant. Therefore Cl. = (Cl/d) K m this case is the 

of o line «.d one may eet Cl/d - 0.796 - 107.5/d. « - 

107 5 the average value for plasma chloride from all rats, d = 135.2, and d Ll 
= 27.7, a very likely value for diffusible anions other than chloride m plasma, 

U. pl« cldonde. From Boyle - Conwny a«orf. 
ing to equation (9) or (10) of Wilde (6), a linear relation is to be expected between 
Cl* and Cl- Cli = D - (E/I) Cl. This would apply only withm groups A or 
B whS no water ehifte .were known te oeeur. Wortenately a me^ure 

of correlation is vitiated by the wide variation of plasma cMonde , 

tadividnai rate. In rate A, r is -0.548 and P is 0.13 ; m rate B, r -0.124 and 

P iR 0 in the combined groups, r is —0.308 and r is U.^i. 

By various theories of absorption or ionic exchange ® t^f 

fibere and interstitial water or plasma, it would be expected that the 
cLride per muscle fiber would be related to the plasma ch onde ‘=«^centratmn 
Cl This is on the basis that chloride be adsorbed as such, alone, not along with 
oertUZZ. It can be assumed that a given group of fibers w^l have definite 

association with a given quantity of d^ residue m ^ uf cSoride per 

exchanges, that chloride per unit fiber is f 2 ^ 

Quarter kUo of dry muscle, Ch. The correlation. Cl. to Cl (table 2), has been 
tested again with the disadvantage of wide individual vanation m Cl. In rate 
A, r is -I 49 and P is 0.21 ; in group B, r is -0.44 and P is 0.20; in 
rate, r is -0.226 and P is 0.36. The correlation is negative, rather than positive 

as d^anded for adsorptions, and insignificant. _ 

Ffc pcu^«m. In a rimpUfied view of the 
the potaLium of muscle fibere is considered divided mto two phases. 1, Ki is 
feed except for exchange with other cations, to non-diffusible organic acid 
radicals Y and 2, 'Ki is an inorganic salt of chlonde, bicarbonate, etc., K. i, 

r^yliffuSea^thesaltandmixingwithKinthepl^^^^ 

•Ti l With the elevated K of rate-B either the salt 'K. d. or the adsorb^ 
''Ki nr both may increase in content in the fibers. The conten m m q. 
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the particular type of potassium in a given group of fibers is represented as 
potassium per unit dry weight of muscle and is symbolized in bold face type. 

Ki is significantly larger in the B rats (table 3 ; P, 0.0002). An average of 10.5 
m Eq. K entered the fibers associated with a quarter kilo of dry muscle residue. 
Ki — 'Ki = "Ki is also significantly larger in the B rats (P < 0.0002). Besides 
the potassium entering the fibers as A d, according to Boyle and Conway, some 
additional potassium, 8.8 m Eq. per quarter kilo dry muscle, has become asso- 
ciated with organic Y radicals possibly in exchange for other cations (Steinbach, 
13; Heppel, 14) such as sodium. 

In spite of these increments the concentration of potassium in fiber water 
Ki (table 3) fell 7.9 mM (P, 0.106). As mentioned above according to the 
Boyle and Conway theory, had the B rats drunk no water, potassium and water 
would have entered the fibers in such proportion as to keep Ki unchanged. To 
follow this rule, (Ki/I)a = (Ki/I)b, 134.4/0.618 = 144.9/Ib, Ib would equal 
0.666 which approximates the value 0.642 for rat B 8 which drank no water 
(table 1). The apparent 7.9 inM dilution of Ki in B fibers may have originated 
in the water drunk. 

Part of the potassium in muscle or in plasma may be inactive or non-ionized. 
The ratio K Cl/{Ki Cli) listed in table 3 averages 0.55 for A rats instead of 1.0 
as required by^the Donnan membrane equilibrium. If for the A rats one writes 
{K CI/CAi)/k[ = {K CZ/CZi)/217.6 = 0.55, it is evident that for the ratio to 
equal 1.0, Ki must be 119.7 instead of 217.6 or 55 per cent active. If the ac- 
tivity of the plasma potassium, as is certainly true (15), is below 1.0, the activity 
of Ki is even less than 0.55. Whether Y K is sufficiently mobile and free in 
muscle water to affect the activity of potassium at the fiber surface is another 
question. 

Were Ki completely active as the salt K Y and exerting the average osmotic^ 
value 300 mM known for mammalian tissues, the valence of Y would approxi- 
mate 2.5. 

From tables 3 and 1, respectively, we write the ratio of the average changes 

AKi/ Al = 10.5/0.071 = 148 mM. It appears that potassium entered the 
fibers as an isotonic solution ais observed by Fenn (16). This is predicted from 
the Boyle and Conway theory even though the potassium enters as the dilute 
salt K d distributed throughout the fiber water. With potassium substituted 
equivalently for sodium in the external medium of the B rats, water and potas- 
sium, as explained above, would enter the fibers so as to keep Ki, and therefore 
AKi/AI, constant and equal to N + A. Since the B rats drank water it is 
surprising that the calculated value 148 mM approximates the classical value 150 
as nearly as it does. 

Potassium compared to sodium in support of E space. If extracellular potassium 
in contrast to sodium has no osmotic control over water, the value ot E should 
be smaller in the B than in the A rats. Unfortunately the absolute reduction 
expected because of this was counteracted by the water drunk by the B rats. 
Also the large volume of fluid required as a vehicle for the solution of inulin, 
when injected, caused such an expansion of E in both groups as to diminish the 
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d«»*e. Suitable calculation, solving 
predict the Iheoretical change for an entire rat, A to B, to be Pf 

kilo The average difference calculated from the mjected muhn (table 1) is 
-0 017 ^ ro.66) or -5.2 per cen't of E.. The average difference in E per 
Lddry muacla la -0.005 liter (P >0.66) ” “f 
(table 1). For a kilo of fresh or wet muscle AE is -0.017 liter (F, 0. ) 

— 12 5 oer cent of Ea (data not tabulated). In the last calculation the larger 
Tltr to the B fiber, tended to “dante” E a. cale^ted for treah 
mnSo. The moderately good agreement between the percentage change o 

TABLE 3 

The votassium of sheet thigh mueclee of nephrectomized rats H hours after injection of solution 
^ a n . • \ «./»#/> A n/nA nf Rnlution B (hioh votaBSium) into mate B 


K m Pn Dotassium per kilo of muscle fiber water. K, , fiber potassium m mEq. 

,aS;,” 


PAIR NO. 

litter mate a 

Ki 

K Cl/KiCh 

'Xi 

Ki 

1 

2 

216 

0.40 

132 

137 

3 

229 

0.65 

137 

142 

4 

220 . 

0.50 

128 

136 

5 

219 


129 

133 

6 1 

218 

0.58 

125 

135 

7 

217 

0.52 

124 

136 

8 

209 

0.64 

123 

128 

9 

213 


123 

128 

Mean 

217.6 

0.55 

127.6 

134.4 

<r 

6.33 


5.27 

3.53 


litter mate b 


Kx 


K cl/KiCh 


204 
211 
218 

205 
202 
222 
221 
195 


209.7 

10.3 


0.55 

0.54 

0.73 

0.66 

0.69 

0.63 




0.63 


140 

140 

139 

133 

136 

135 

132 


Ki 


136.4 

5.21 


151 

146 

150 

141 
146 

142 
138 


144.9 

2.66 


E in dry muscle and in the entire rat suggests that the inulin had become wel 

disoersed or equilibrated in the extracellular space. 

Alonjt with the expanded E of the A rats should appear also an enlarged blood 
volume The average difference in the volume of blood “milked from the cu 

throat of A and B rats amounted to 2.67 minus 2.38 or J^ere 

initial body weight (P, 0.28). The averaged hematocnts m A and B rats 

47 3 and 47.4 per cent corpuscles respectively. . td . r WaiI 

I .m IndcbL to Dr. W. O. Penn, whote dicct^on m Bocton rf 
bnmn'., naner (5) led to my use of nitrate in the chloride analysis; to Dr. J. R. 
dTv XLdfa cLr absorption curve with the Coleman spectrophotometer 
for the SeUwanoff reaction for inulin and who made helpful sug^stions 
S 1 SSul prcpuraUcn of . mtmcle filtrate of toulto; and to Sarah Jape 

Braniff, who did the fat analyses. 
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SUMMARY 

The chloride of muscle fibers in live rats is estimated by comparison of the 
distribution of inulin and chloride, which are analyzed accurately in aliquots of 
the same zinc filtrate of muscle. In the filtrate of controls the blank for inulin, 
if measured by the Seliwanoff color reaction, is negligible. The distribution of 
inulin in muscle is identical to that of sucrose, a much smaller molecule. The 
yield of chloride is improved by filtering in the presence of excess nitrate anions 
and the end-point of the Volhard titration in the zinc filtrate is unusually distinct. 

Physiological conditions predicted by Boyle and Conway (1) to increase fiber 
chloride, tried to date only on excised muscle, are now tested in live rats: an 11.5 
per cent increase in fiber water and an elevation of plasma potassium from 8.9 
to 12.4 mM. The chloride content of the fibers rises significantly from 4.54 to 
6.98 m Eq. per quarter kilo for dry muscle. Thus the distribution of chloride 
is not a reliable measure of functional change in the volume of extracellular fluid 
much less of its absolute value. This chloride content has an insignificant 
but negative correlation, —0.226, to plasma chloride concentration. This 
favors a Boyle and Conway but disallows an adsorption theory involving the 
adsorption of chloride alone. Whether the chloride content is related to the 
water content of fibers is uncertain, but a significant correlation to the concen- 
tration of plasma potassium exists. There is likewise significant correlation 
between the concentration of fiber chloride and of plasma potassium. This again 
is disallowed by an adsorption but demanded by a Boyle and Conway theory. 
The variables fit with significance the linear equation derived by Wilde (6) from 
Boyle and Conway: Ch = {Cl/d) K, in which the constant (Cl/d) = 0.795 esti- 
mated from the regression line of the data gives a reasonable \'alue to d = Ci 
+ HCOz = 107.5 + 27.7 in plasma. 

The fibers gain potassium as it '^appears’^ to enter them as an isotonic solution, 
148 mM, in the water increment as demanded by Boyle and Conway. If a 
Donnan equilibrium in a fiber having a membrane w ith ion pores is to apply, 
the activity of fiber potassium must be as low as 0.55. 

That extracellular potassium, because of ready penetration into muscle fibers 
as an inorganic salt, cannot according to Boyle and Conway support extracellular 
fluid osmoticaJly as does sodium, was confirmed by measurement by means of 
inulin of the fiber water content and of the extracellular fluid volume of muscle 
and of entire rats. The changes in extracellular fluid though in the predicted 
direction were for technical reasons insignificant. 
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The established relationships of choline to fat and protein metabolism sug- 
gested the extension of our studies on choline metabolism (1, 2) to an investiga- 
tion of the effect of choline on the so-called atrophy of disuse of muscle and bone 
resulting from denervation. This examination was further prompted by pre- 
liminary data Avhich were interpreted to mean that choline has some r6le in 
mammalian bone metabolism (3). Although choline has been known for some 
time to play a r61e in avian bone metabolism (4), no attempt appears to have 
been made to link this substance to the nutrition of mammalian bone. 

While a number of drugs and accessory food factors have been submitted to 
test for their possible therapeutic usefulness in dener\'ation atrophy of muscle 
(5, 6), the list is not extensive. Published studies on atrophy of bone following 
denervation in experimental animals are also limited (7-9). The work reported 
in the first section of this paper describes the effect of parenteral choline ad- 
ministration on the denervation atrophy of bone and muscle of the forelimbs 
of the rat, resulting from section of nerves of the brachial plexus. 

The work presented in the latter part of this paper is an extension of our earlier 
studies on the metabolism of phosphorylcholine containing the radioactive 
phosphorus isotope (3, 10). A highly potent sample of radioactive phosphorus 
had become available at the time we were engaged in denervation atrophy ex- 
periments. As we Avere anxious to extend our eailier, preliminary observations 
on the metabolism of phosphorylcholine, the animals on the denervation atrophy 
experiment were utilized for this purpose. This arrangement also proA'ided an 
excellent opportunity for examining the effect of denervatiiAii atrophy on the 
uptake of radioactive phosphorus by bone. 

Method. A group of 41 male albino rats AA'eighing l)etAA'een 140 luid 200 grams 
each were divided into four groups of about equal numliier, each group containing 
a representation of theAA^eight range (see table 1). The neives of the brachial 
plexus of two groups Avere sectioned unilaterally at the axillary level under nem- 
butal anesthesia. A portion of nerA^e fiber AA^as removed to insure against any 
regeneration during the experimental period. The second two groups were 
incised, but the nerves not sectioned, to provide a group of sham-operated con- 

^ The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and the University of Rochester. 
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trols. To avoid possible errois due to difference in the wright of opposite tissues^ 
Amifll number of operations were made on right and lett legs. , . , , , 

(S ot ^I-operated animal, and one group ot rata m winch the 

brSMal neWea had been aectioned received daily intrapentoneal injections ot 
10 mgm of choline chloride in isotopic saline (approximately 60 mgm. i^r kgm V 
i^tXenty-one days the injections were stopped The anterior portion of the 
animals was x-rayed on the twenty-second day, and they were sacriM on t e 
twenty-fourth day. Throughout the experiment the rate were mamtained 
a stock Purina fox-chow diet, food and water being provided^ libitum. 

Twenty-four hours prior to sacrificing, half of each of the four groups were 
jriven a trace dose (approximately 0.00065 mgm. per gram of rat) of radioactive 
phosphorylcholine.^ The remaining rate received radioactive morganic phos- 
S lu administrations of tracers were made by the intrapentoneal route^ 
\he mimals were sacrificed by decapitation, and blotd “"P'® 
with he^ were obtained at this lime. The red ceUs were separated by 

TABLE 1 


tkaiiient (no. iats) 


Sham (10) 

Sham + choline (10) 

Sectioned (11) 

Sectioned 4- choline (10) 


aver. WT. AT START 
(range) 

AVER. WT. AT DEATH 

(range) 

grams 

168 (151-187) 

160 (130-182) 

166 (143-185) 

171 (143-201) 

grams 

219 (174-268) 

226 (194-260) 

231 (211-290) 

237 (180-270) 


WT. GAIN DURING 
EXPER. PERIOD 


grams 

65 

65 

65 

66 


centrifugation as soon as possible and aliquots of the supernatant plasma re- 
tained for later analysis At 

humeiS’^^oupT'Be^r muecles which permitted rapid arid repr^ucible 
Si A fleaorVonp was chosen which 

immediately weighed as a group. The muscle sample from each limb ^^as then 

24 hours at 105° and reweighed after coolmg. 

Xo* hUSi from each animal were removed, freed of connective tissue and 

extracted for consecutive 24-hour periods with alcohol and ether to ^ 

and fat. Fat-free dry weights were obtained, and the bones were m 

10« counts per minute per milligram of ester op thhTnreparation was dissolved in. 

" We indebud to Dr. Robley E.«» of the MwaaohueetU tatltule of Teehaoloay for 
,b. iXliTrwUoiwtiv. pboephorie wiid employwl in the syntbe... 



DENERVATION ATROPHY 


679 


treated with boiling 3 per cent potassium hydroxide in ethylene glycol to remove 
organic material (13). The ash, after washing with boiling water, was dried at 
120°C. to constant weight. 

The individual bone ash preparations were dissolved in dilute hydrochloric 
acid and made to a suitable volume. One aliquot of this stock solution was 
measured for radioactivity and others taken for the determination of inorganic 
phosphorus (14). The alkaline solution of ethylene glycol and washings con- 
taining the organic material of bone were combined, made to volume and 
retained for radioactivity measurements. 

Results and discussion. For purposes of clarity, the results and discussion 
of the effect of choline on denervation atrophy will be considered separately from 

TABLE 2 


Summarized data on muscle and hone of denervated and control rats 
(Average =fc S.D.*) 


TREATMENT 

WATER IN 
MUSCLE 

ASH OF FAT- 
FREE HUMERUS 

MUSCLE WET 
WEIGHT, OPER. 
SIDE AS % 
CONTR. SIDE 

HUMERUS FAT- 
FREE DRY 

WT. OPER. SIDE 
AS % CONTR. 
SIDE 

HUMERUS 

ASH WEIGHT, 
OPER. SIDE AS 
% CONTR. 

SIDE 



% 

% 




Sham 

Control side 

74.86 ±0.47 

60.9 ±0.82 

100.1 ±7.6 

100.6 ±1.7 

100.8±1.9 


Incised side 

74.82 ±0.50 

61.1 ±1.00 




Sham 4- 

Control side 

74.78 ±0.28 

59.4 ±1.23 

98.8 ±6.7 

98.5 ±2.4 

99.6±1.8 

choline 

Incised side 

74.80 ±0.67 

60.1 ±1.23 


i 

1 


Sec- 

Control side 

74.66 ±0.46 

60.2 ±0.92 

55.9 ±6.4 

91.7 ±2.5 

90.7 ±3.9 

tioned 

Oper.side 

76.25 ±0.84 

59.6 ±1.06 




Sec- 

Control side 

74.69 ±0.45 

60.4 ±1.25 

59.1 ±9.2 

91.3±2.8 

90.0±1.3 

tioned 

Oper. side 

76.18 ±0.76 

59.6 ±1.31 




-f cho- 







line 








* S.D, * Standard deviation of the mean. 


the results on the metabolism of phosphorylcholine and deposition of radioactive 
phosphate in bone. 

Choline and denervation atrophy. Summaries of tissue weight changes are 
presented in table 2. Results on muscle and humems have been expressed as 
weight of tissue on the operated side as a percentage of the control or unoperated 
side. Percentages of water in musle and ash in the fat-free humerus are also 
given. Data on the body weights are given in table 1. 

So far as the effect of choline on denervation atrophy of muscle and bone is 
concerned, significant differences w’ere not noted in either muscle or humerus 
between sham-operated control and sham-operated choline-treated rats or be- 
tween denervated control and denervated choline-treated animals. 

Examination of the data which express the weight of the tissue from the 
operated side as a percentage of the control side (columns 4, 5 and 6, table 2) 
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convinced us that such ratios do not adequately describe the kind of weight 
changes which actually occur. Thus the calculation:— 

weight of tissue from operated side ^ jqq _ percentage, 
weight of tissue from control side 

does not determine in which term (numerator or denominator) a change occurs 
when the determined percentage in one set of circumstances 
in another. In the experiments we have descnbed, it was probable that the 
weight of the control forelimb of the unilaterally sectioned animals mcreased 
at the same time atrophic changes were occurnng m the denervated limb. 
Hypertrophic growth in the control limb also required evaluation. ^ a means 
of evaluating separately such concurrent changes we have exammed our data 

in the following way. 

Muscle weight and humerus weight determined at autopsy have been plott^ 
against body weight at death for the sham-operated animals, utilizing the data 
obtained from both limbs. Assuming a direct proportionality between body an 
tissue weights for the animals of the weight range employed we have fitted a 
straight line to these data by the method of least squares and have thus obtained 
the normal body weight-tissue weight relationship. It is unlikely that ^ 
weights of these tissues are directly proportional to body weights, though tr 
the data this simplification would appear justified for present purposes. Tissue 
weights from the operated limbs of the sectioned animals were compared with 
these data by plotting tissue weight from the operated limb at 
against the weight of the animal at the Ume of operation. A graph of these data 

for the flexor muscles is .shown in figure 1. 

It is interesting to note that muscle weights at autopsy from the opeiated s 
of the sectioned animals (expt., operated side-fig. 1) plotted against anu 

mal weights at the time of operation do not deviate appreciably 
muscle weights of normal animals of the same weights. This indicates that there 
was no significant mt change in weight in the atrophic muscle by the t^’ 
fourth day after section. Thus, during the 24-day period of the expeiiment, 
our control rats gained on the average approximately 62 grams each; during the 
same period their normally innervated flexor muscles gamed an average ot 0^18 
gram each (fig. 1). This gain of 0.18 gi-am is about 45 per cent oj the final 
average muscle weight in the controls (0.40 gram). Since the weight of the 
muscle in the 'dener^^ated limb was about 57 per cent that ^e controUmb 
(table 2), the muscle of the denervated Ihnb must have weighed about the same 

at sacrifice as it did at the time of operation. 

If an actual net loss of protein occurred, it must have been accompanied by a 
compensatory gain of lipid, since the water content of this muscle did no 
change greatly. It is unlikely that a compensatory incre^e of lipid occurred, 
as H^es and Knowlton (15) in similar experiments reported a constant per- 

centage composition for total nitrogen. a 

The muscle of the contralateral unoperafi^ limb apparently does not “o 
mass than may be attributed to normal growth under the experimental conditio 
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{no hypertrophy). This is indicated by the fact that the weight of the flexor 
muscles from the unoperated limb of the unilaterally sectioned rats (expt., 
imoper. side — fig. 1) when plotted against their terminal body weight is the same 
as that for sham operated controls. 

Fischer (16) showed that the reported favorable effect of atropine on denerva- 
tion atrophy (5) was in reality due to cachectic inanition produced by atropine 
admini-stration. Similarly, figures for the percentage difference between de- 



Fig 1 Plot of terminal bodv weight against the weight of flexor muscles of the forearm. 
The equation for the line of best fit is y = 87.1 + 343.2x. • Muscle weights from the operated 
side of the sectioned animals have been plotted against body weight at time of operation. 
There is approximately an equal distribution of □ (exper. oper. side) and ffl (exper. oper. 
side -h choline) above and below the trend line which has been extrapolated as a dotted line 
to include the lower points. 


nervated and normal muscle reflect to a large extent normal grouth changes 
rather than weight losses in atrophic muscle. That the latter observation was 
not made earlier is indeed surprising in view of the comment of Hines and Know 1- 
' ton (15): “It seems that the rate of weight loss in the denervated muscle may 
bear some relationship to the growth rate of the species. The studies that have 
been made upon the rate of atrophy of corresponding muscles of the rat, rabbit, 
dog and human would indicate that for these species, at least, there appears to 
be a direct relationship between per cent loss of muscle weight in a given time 
and the growth rate.” 
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A similar comparison for the humerus is presented in graphic form in figure 2. 

When the weight of the humerus from the operated side of the sectioned ani- 
mals (expt., oper. side— fig. 2) is plotted against animal weight at time of opera- 
tion, not only has this tissue maintained its mass, but in contrast to muscle, con- 
siderable accretion has occurred during the period of the experiment. 

The humerus of the unoperated limb apparently does not gain more mass 
than may be attributed to normal growth under these conditions (no hyper- 
trophy). This'is indicated by the fact that the weight of the humerus from the 



BONE WEIGHT IH GRAMS 

Fig. 2. Plot of body weight against the fat-free, dry weight of the h^eri. The equation 
for the line of best fit, calculated from data for sham operated rats, is given by y ■= 1410x 
- 27.4. AU of the values for the humeri (□ and BB) fall below the trend line on the operated 

side. 

innervated limbs of the umlateraUy sectioned rats (expt., unoper. side— fig. 2) 
when plotted against their terminal body weight is the same as that for sham- 

operated controls. . . • f iu 

Qualitative confirmation of these results was obtained f rPm exammation of the 
x-rays of these rats, made 21 days following operation. String differences m 
denrity were not apparent in the humeri of the brachial sectioned limbs as com- 
pared to the control forelimbs. 

It may be noted from table 2 that there is a small increase in the percentage 
of water in the muscle of the operated side over the v^ue for muscle from their 
xmoperated side or over the sham controls. This finding is essentially in agree- 
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ment with that of Hines and Knowlton (15) for water changes in rat gastrocnemii 
28 days after sciatic section. The percentage ash possibly decreases slightly in 
the sectioned limbs; however, the variation is too large to establish this conclu- 
sion. The range of ages of our animals undoubtedly contributed to the experi- 
mental scatter of ash percentages, as the percentage ash in bone increases con- 
siderably with age (17). 

Metaholism of phosphorylcholine and deposition of in bone. As we have 
shown above, no significant changes were discernible between choline- treated, 
sham-operated rats and their untreated controls or between choline-treated, 
denervated rats and their untreated controls. Accordingly, for purposes of the 
present discussion, grouping of our animals in regard to previous treatment with 
choline has been disregarded. 

TABLE 3 


Summary of radioactivity data from denervation atrophy experiment 
(Average dr S.D.f) 


XaEATMENTt (NO RATS) 

P IN BONE 
ASH 

SP. ACT.^ ASH 

P 

SP. ACT. OF 
BONE ASH OF 
OPEE. SIDE AS 
PEECENTAGE OF 
CONTEOL SIDE 

1 PEECENTAOE OF 
ACTIVITY IN 
WHOLE BONE 
EXTEACTED BY 
GLYCOL 

PEECENTAGE 
ASH IN FAT- 
FEEE DEY BONE 

Sham + PO,” (8) 

Sham + PCh* (8) 

Sectioned -f- PO4 (8) . . . . 
Sectioned -f PCh (8) — 

% 

16.5 ±0.78 

16.5 ±0.14 

16.6 ±0.14 
16.2 ±0.92 

29.9 ±4.18 
34.0 ±3.37 
28.4 ±3.72 
29.3 ±2.64 

% 

98.1 ±3.45 
99.9 ±3.73 
99.8 ±3.32 

95.1 ±7.00 

% 

13.3 ±2.37 
13.7±1.51 

15.4 ±2.89 
16.2 ±2.64 

% 

60.2±1.45 
60.5±1.05 
60.2 ±1.07 
59.7 ±1.28 


t S.D. ** Standard deviation of the mean. 

t Since we could not predict the effect of the previous choline treatment, half of the 
choline-treated rats were given inorganic phosphate and half were given phosphorylcholine. 
Similarly, half of the untreated animals received inorganic phosphate and the other half 
phosphorylcholine . 

^ Sp. Act. “ Counts per minute per milligram of phosphorus. 

o pQ^ „ Inorganic phosphate. 

* PCh « Phosphorylcholine. 

The method of preparation and analysis of our material has been presented 
previously. The results are summarized in table 3. 

In general, large order differences between sham-operated animals given in- 
organic phosphate and those given phosphorylcholine are not apparent. The 
same is true for rats in which the brachial nerve had been sectioned. The 
specific activity of the phosphorus from the humerus is slightly higher in both 
sham and sectioned animals administered phosphorylcholine. While the dif- 
ference is in the same direction as previously found (3), it is not as large and is 
probably insignificant. Such a small order difference can arise from experimental 
error in judging the activity equivalence of two different solutions containing 
radioactive tracers which are administered to different groups of experimental 
subjects. 

Uncertainties of this nature can be largely obviated by expressing the activity 
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of the tissue in tenns of the specific activity of the plasma phosphate, or of some 
phosphorus fraction of blood. Samples of blood plasma obtained from these 
animals were analyzed for phosphorus and radioactivity. While the activity 
of the plasma, in this instance, was too low to be entirely satisfactory, e 
average specific activity of the plasma of each of the four groups of rats w^ 
essentially identical (table 4). The plasma phosphorus values were also consist- 
ent between groups and therefore, it is unlikely that small differences m the 
values for the specific activity of the phosphorus of the bone ash are reflections of 

differences in the plasma. . 

The divergence of results between this and our earlier experiment on phos- 
phorylcholine may be attributable to the dose of phosphorylcholme employed 
Our preliminary data on bone were obtained on animals which received 0.17 
mgm. of phosphorjdcholine per gram of body weight. This dose, hardly to be 
considered a trace quantity, may have provoked detoxification mechanisms for its 
metabolism, or have so burdened the circulation with the handlmg of appreciable 
quantities of calcium and inorganic phosphate that this effect was mirrore in 


TABLE 4 


Radioactivity data for plasma and humerus of control and experimental rats 24 hours after 
receiving phosphorylcholine or inorganic phosphate 


TREATMENT 

PLASMA P 

PLASMA P SP. 

ACT. 

ASH P SP. ACT 

PLASMA P SP. ACT. 
BONE ASH P SP. ACT, 

— " 

Sham + PO4 . . 
Sham -f PCh — 

Sect. 4“ PO4 

Sect. -+■ PCh .... 

mgm. % 

13.2 

13.2 

13.1 

13.1 

471 

476 

470 

497 

29.9 

34.0 

28.4 

29.3 

15.7 

14.. 0 

16.5 

17.0 


the bone picture.® The results presented here, more adequately representing the 
results from trace-dose administration, are more reliable from the standpoint o 
the normal metabolic picture (18). Since calcium phosphorylcholme chloride is 
relatively inactive pharmacologically (19), and is converted to inorganic phos- 
phate after reaching the tissues, it may provide a valuable means for simultaneous 
administration of calcium and phosphorus in soluble foim. , r .l 

By expressing the specific activity of the phosphdrus of the bone^ash of the 
operated side as a percentage of that of the control side (table 3), data are 
obtained from which ive may make an interesting observation. It is apparent 
in the case of the sectioned animals, that the humerus on the sectioned side has as 
high an isotope activity per milligram of phosphorus as tfiat from the control side. 
This finding argues strongly for the concept that the phosphate of the bone sa 
is in rapid ionic equilibrium with blood phosphate (10, 20). If the ra,dioactive 
phosphate appearing in bone was acquired solely by a process of accretion these 
data should parallel the data on accretion following brachial section (table ^ 

»We have previously shown that the phosphorus from phosphorylcholine is Uberated 
extremely rapidly, in vivOf as inorganic phosphate (1). 
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and fig. 2). This phenomenon of rapid ionic equilibration detracts greatly from 
the value of radioactive phosphate as a tool for the study of bone growth. It is 
conceivable, however, that this very situation may provide an indirect means 
of evaluating circulatory changes in bone, if it can be demonstrated that the 
level of exchange shortly after administration is related to the circulating blood 
volume of the bone. 


SUMMARY 

1. The daily parenteral administration of choline chloride had no significant 
effect on the course of denervation atrophy of the humenis or the flexor muscles 
of the forelimbs in the rat. 

2. In our rats, weighing 150 to 250 grams, flexor muscles of the forelimb 
weighed 56 to 59 per cent less than their respective controls 24 days after de- 
nervation. However, no net loss of muscle mass occurred in the denervated limb 
after the time of operation. The apparent difference may be explained by normal 
growth in the control limb. Hypertrophic growth in the control limb was not 
apparent. 

3. Following unilateral brachial section, the humeras continues to gam m 
mass after the time of operation, although this accretion is slower than normal. 
The unoperated control femur gave no evidence of hypertrophic growth. 

4. The 24-hour uptake of radioactive phosphorus by bone ash is the same on 
an ash weight basis in normal and atrophic limbs. By far the greatest uptake 
must be by ionic exchange since the appearance of radioactive phosphorus m 
the femur does not parallel the accretion rate of the bone. 

5. The phosphoi-us of trace-doses of calcium phosphorylcholine chloride does 
not enter bone ash preferentially to inorganic phosphate. Larger amounts of 
this compound might influence bone metabolism by saturating the sj stem vith 
calcium and phosphate. 
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Recent investigations indicate that cholinesterase is present in considerable 
quantities in all nervous tissue. These findings have led to a number of studies 
attempting to discover the significance of this enzyme in the functional activity 
of the neurone. Most of the interest has centered around its possible role in 
the transmission of nerve impulses. In a recent study on the developmental 
behavior of amblystoma larv^ae, Sawyer (1943) presented evidence to support 
the concept that the cholinesterase content may be a biochemical criterion of 
the functional capacity in the neuromotor apparatus. 

In order to test this concept through another approach, the present study deals 
with an analysis of the cholinesterase activity of the central nervous system of 
several representative vertebrates. An attempt is made to examine the re- 
lationship between the cholinesterase activity of the central nervous system and 
the general motor ability of the animal. 

Material and methods. The following animals, representative of three 
classes of vertebrates, were used in this study: Gold fish (Carassius auratus). 
Sucker (Catostomus catostomus), Shiner (Notemigonus crysoleucas), Frog 
(Rana pipiens), Necturus (Necturus maculosus), Tortoise (Clemmys muhlen- 
bergii), Homed Lizard (Phrynosoma), and Giant Collared Lizard (Crotephytus 
collaris). All the animals were obtained from commercial sources and were 
studied during the winter. 

The central nervous system in each case is small enough to permit the use of 
the entire brain. However, only a part of the spinal cord was used. This con- 
sisted of a section 1.5 cm. long, directly posterior to the medulla. 

The technique employed for counting the cell population was essentially the 
same as that described by Pearce and Gerard (1940) for frog brain tissue and by 
Lindeman (1943) for vertebrate retina. Briefly, the procedure is as follows: 
The brain and spinal cord were dissected from the animal and placed in Ringer’s 
solution. All connective tissue and blood vessels were removed from the surface. 
The tissue was blotted carefully to remove surface moisture, and weighed. After 
weighing, the tissue was transferred to a small centrifuge tube containing 5 ml. 
of 25 per cent acetic acid saturated with carmine. Gentle shaking over a period 
of 30 minutes reduced the tissue to a fine suspension of intact nuclei and dissolved 
cytoplasm. Counts were made with a hemocytometer counting chamber. 
The nuclei of 25 large squares were counted for at least 6 samples. At least 
3 suspensions were made for each species of animal studied. The number of 
nuclei per milligram of tissue was then calculated for each suspension. In an 
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300 nude, were ^ ^ dimeneinne were then grouped 

an ocular micrometer. ® ^ g^rf^ce area computed. The total 

area by the number nuclei P®^ employed. When the two 

and the following formula for surface area was used. 

/M^- 

— 2 ~ 

surface area was computed accordmg to the formula. 

S.4. = 4irr* 

^^sSwf m bmlTnTS^^^ cmd^^m diictd from the animal and 
was as follows, ine Dram ai p , , . . • ^ weighing, the tissue was trans- 
placed in Rmger s solution. . . „ , ® j giycine-NaOH buffer mixture 

ferred to a small test tube contammg 0-5 “1- g y ^ prepared 

rdVSloSg crtituents: f cc. of 
accoftlmg to T^misian ^ j^t^CI, 150 cc. of glycerme, 

molar/glycme, 10 cc. t^^.jee distUled water. The pH 

the entire mixture made up to 1000 cc. w tn tiuce Q 

wan found to he 8.4 with n Be^n *'“« The nuxtu» 

s ^rsr: “ration wh^h 

w^ added to the *"'^”“j'®^,^^\xperimentnl tuhes.) Exactly 0.5 

roSe:^e:rltn.dd^.e.h^ 
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hydrolysis was stopped in the experimental tubes by the addition of the eserine 
indicator solution. Colorimetric titrations were carried out with the brom- 
thymol blue indipator and the end point checked each time with the Beckman 
glass electrode pH meter to insure an exact end point of 6.5. The titrations 
were made with O.OlN/HCl, using a micro burette graduated to 0.02 ml. The 
cholinesterase activity was computed in terms of the acid equivalent (ml. O.OIN/ 
HCl) produced by enzymatic hydrolysis per milligram of tissue per hour. 

Results and discussion. Among the studies upon the functional activity 
of the nervous system, the respiratory changes have been the most numerous. 
Most of the studies of that type are designed to measure resting metabolism and 
iti no way indicate the true functional capacities of the tissue. Since there is 
a close parallelism between the electromotive force of action potentials and the 
cholinesterase content (Fulton and Nachmansohn, 1943) cholinesterase activity 
might logically be a measure of the functional potentialities of a tissue. 

In an attempt to approach this problem, several animals were chosen from 
each of three classes of vertebrates. The basis for their selection depended upon 
voluntary locomotor activity, quickness of movement, mental alertness, and 
numerous behavior traits that characterize the animal as ha\dng either a sluggish 
or alert neuromotor response. For example, the turtle, necturus, and goldfish 
are considered to be relatively sluggish animals whereas the lizards, the frog 
and the shiner are quicker, more alert and active than their close relatives in the 
respective classes. With this in mind, a series of experiments was designed to 
measure the cholinesterase activity of the central nervous system in an attempt 
to establish any correlation between the enzymatic activity and relative neuro- 
motor response. 

The data contained in table 1 summarize the experiments on the central nerv- 
ous systems of 8 different vertebrates. It is obvious that there is little justi- 
fication for comparing the group as a whole. However, when the animals within 
each class are compared, it is interesting to note a close correlation between the 
cholinesterase activity and the relative motor ability. This is particularly 
evident among the amphibia and reptiles, where the necturus and turtle, tvo 
naturally sluggish animals, show a relatively low enz^miatic activity in com- 
parison to their more active relatives. The validity of this observation seems 
further justified when the cholinesterase activity is computed per cell in each 
class. This can be done by simply dividing the mean cholinesterase activity 
per milligram of tissue by the number of cells found in an equal mass. A 
summary of this data is found in table 1 . Since these data are computed in terms 
of the mean, they represent values obtained upon hypothetical cells and do not 
take into consideration the volume or area of the cell. Since there is no adequate 
means available for computing the volume or area of a neurone, an alternative 
method has been employed for comparing the relative enzymatic activity of the 
cellular components within the central nervous system. The method employed 
involved the computation of relative surface area of the nuclei. Phis can be 
done by measuring the diameter of a representative sample of nuclei, and com- 
puting the mean. To obtain total nuclear area per milligram of tissue, the mean 
area is simply multiplied by the number of cells per milligram of tissue. 
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The data contained in the last column of table 1 form a summary of the choto- 
esteraae activity when computed as a function of nuclear area. These data 
are only significant for purposes of comparison, if it can be assumed t^t 
a rough relationship exists between the total nuclear area and the total “eurone 
area per unit of nerve tissue volume in all the animals studied. If one is jus i 
in making such an assumption, then the cholinesterase activity per unit area of 
neurone should be proportional to the activity of th^ enzyme per unit area of 
nucleus. Since cholinesterase is largely concentrated at or near the surface o 
the nerve cell, (Boell and Nachmansohn, 1940) it would appear that the relativ 
surface areas might logically provide a more accurate means of comparing its 
enzymatic activity. Thus, when one compares the cholmesterase activity of the 
various nervous systems, whether per cell, per unit of relative cell surface or 
for a unit of the whole mass, it is of interest to note that there is a consistent 

TABLE 1 

The choUneslerase activity of the central nervous system of several representative vertebrates 

in relation to motor aoility 


ANIMAL 

EELATIVE MOTOE 
ABILITY 

CELLS FEE 
ICOM. 

TISSUE 

X 10* 

MEAN 
8.A. OF 
THE 
NUCLEI 

X 10-* 

TOTAL 
S.A. OF 
THE 
NUCLEI 
PEE MOM. 
TISSOT 

MEAN 

ChE* 

ACTIVITY 
PEE MOM. 
TISSUE 

STANBAED 

deviation 

ChE* 

ACTIVITY 
PEE CELL 

X 10-’ 

ChE* 

ACTIVITY 
PEE SQ. 
MM. S.A. 
OF NUCLEI 

X io*« 

j 

Gold fish 

Sluggish 

600 

0.968 

57.48 

0.0599 

0.0011 

0.0007 

0.0004 

0.0010 

0.00148 

0.00204 

0.00158 

I 0.00120 

0.99 

1.38 

1.74 

0.56 

4.07 

3.16 

6.90 

10.60 

1.042 

1 onn 

Ruckor 

Active 

500 

1.160 

58.00 

0.0690 

1 .ZUU 

Shiner 

Very active 

408 

0.944 

38.35 

0.0710 

i .oOU 

A UAA 

'NTecturus 

Sluggish 

34.2 

18.630 

63.66 

0.0191 

U.oUU 

w VV •• 

JPj»Og 

Active 

117 

3.330 

65.45 

0.0476 

U . oOo 

Tortoise 

Sluggish 

89.1 

1.730 

15.40 

0.0282 

i .OOU 

Horned lizard 

Collared lizard.. . . 

Active 

Very active 

77.9 

60.8 

2.080 

1.910 

16.18 

11.61 

0.0537 

0.0650 

0 . OOU 

5.600 


• Cholinesterase activity represents the acid equivalent (0.01 N HCl) produced by 
enzymatic hydrolysis of acetylcholine per hr. 

8.A. expresses surface area in square millimeters. 

difference between the more sluggish animals and their more 
within the various classes. If a sufficient samplmg has been u^d 
justified in making the above comparisons, it would appear that a signi 
correlation does exist between the cholinester^e activity of the cen ra nerv 
system and the motor ability of animals within a given class. 

SUMMARY AND CONCLUSIONS 

1. A quantitative study of the cholinesterase activity of the 

system was made upon 8 different animals representmg 3 classes of vertebrates. 

2. Animals were selected in each class which represented, as nearly as possible, 

extremes in general motor ability. . , , r „ mir.rfv»hBmical 

3. The enwmetic .uitivlty wa. determmed by rf 1, n mN/B® 

method which involved the titration o( the acid equivalent (ml. 0.01N/HU) 

formed by the hydrolysis of acetylcholine. 
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4. When the cholinesterase activity was computed per cell, for a unit of the 
nuclear surface, and for a unit of the whole mass, a consistent correlation existed 
between the activity of the enzyme and the general motor ability of the animal 
within each of the classes. 
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studies of spermatozoan metabolism have been made under long-time storage 
conditions at low temperature. 

Experimental. The semen was collected and handled as previously described 
(18). On each fresh semen sample determinations were made of the spermatozoa 
concentration, initialr percentage of progressively motile spermatozoa, and the 
methylene blue reduction time (2), all items considered important as indications 
of the quality of semen (16). Each ejaculate was then diluted with yolk-citrate 
or yolk-citrate-glucose at the rate of 1 part of semen to 4 parts of the diluent. 
Thus, one-half of each ejaculate was diluted with a yolk-citrate diluent, in which 
a small part of the citrate buffer had been replaced by an isotonic glucose solution . 
In the first experiment glucose was added at the rate of approximately 58 mgm. 
per 100 ml. of diluter, but the amount was doubled for the second and third 
experiments. 

A 1 ml. portion of each diluted semen sample was then irumbatcd for 1 hour 
at 46.5°C. as a preliminary estimate of its ability to survive storage at 5°C. (2). 
The remainder of each portion, about 7 to 8 ml., was stored in stoppered test 
tubes at 5°C. for 10 days after having lieen brought to the storage temperature 
in steps of a 5°C. drop each 20 minutes. Sub-samples were removed at the stai't 
and termination of incubation, before storage and at 2-day intervals for motility 

estimates and for chemical determinations on Somogyi (15) filtrates. 

Glucose was determined by the Hoi’vath and I'fnehr (4) adaptation of the I' olin- 
Malmros micro-blood sugar method. Incubation of the diluters, with or without 
semen, with Streptococcus fccalis bacteria* indicated that about 20 to 30 mgm. 
per 100 ml. of the total reducing substances determined liy this method in the 
diluters were non-fermen table. The total reducing substances are reported 
in this paper and are icferred to as glucose. The Barker and Summerson (1) 
method w^as used for the determination of lactic acid. 

The investigation was factorially designed for statistical analysis and three 
separate experiments were conducted at various times, nine, ten and eleven 
ejaculates being used in each experiment, respectively. There were seven 
separate observations or chemical analyses on each sample diluted with each 
diluter, or fourteen for each ejaculate. This fact made it possible to determine 
the influence of each ejaculate as well as the experimental treatment on the out- 
come of the investigations. 

As the separate e.xperiments were conducted at different seasons of the year 
with different bulls, the quality of semen as indicated primarily by methylene 
blue reduction time, spermatozoa count, and initial motility, varied markedly 
from experiment to experiment. The semen of experiment 1 was intermediate; 
while that of experiment 2 was poorest, and that of experiment 3 was best. The 
data on the average quality of the fresh semen used in each experiment are given 
in table 1. 

Results. The results of incubation for 1 hour at 46.5°C. including botli 
motility observations and the data on glycolysis are shown in table 1 for each 

‘ The authors are indebted to Prof. I. C. Gunsalus, Laboratory of Bacteriology, 
College of Agriculture, Cornell University for supplying us with those cultures. 
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individual experiment. Similar data for low-temperature storage are given in 
table 2, and are presented as means of the combined three experiments. 

In each of the three experiments the addition of glucose to the egg-yolk 
citrate promoted increased motility, both at the end of incubation for 1 hour 
at 46.6°C. (table 1) and during low-temperature storage (table 2). Not only 
were more spermatozoa able to survive incubation and storage at the several 
time intervals, but the speed with which the individual spermatozoa moved, the 


TABLE 1 

Average data concerning the semen used in each of the three experiments and results 

of incubation 



ntBSH 8 E 1 CEN 

DILI7TED SEMEN 

expeu- 






MB 

After incubation for 1 hour at 46.5®C. 

MENT 

NUKBEE 

No. of 
ejacu- 
lates 

Spenna- 

toaoa/ 

c.mm. 

Initial motility 

Diluter 

reduc- 

tion 

time 

Motility 

Glucose 

loss 

Lactic 

acid 

gain 

Recov- 

ery 



(im's) 

% 

rate 


min. 

% 

rate 

mgmJlOO ml. 

% 

1 

9 

1,327 

63.3 

3.7 

YC 

25.2 

22.8 

1.7 

61.2 

39.6 

65 




YCG 

25.2 

29.6 

1.8 

54.5 

40.2 

74 

2 

10 

880 

58.0 

2.6 

YC 

38.6 

11.7 

1.2 

36.7 

23.4 

52 




YCG 

38.7 

17.6 

1.5 

39.7 

25.6 

59 

3 

11 

976 

74.5 

3.8 

YC 

8.8 

35.5 

2.4 

63.8 

53.7 

84 




YCG 

8.2 

41.8 

2.7 

70.7 

57.1 

81 


YC ~ Yolk-citrate. 

YCG = Yolk-citrate with added glucose. 


TABLE 2 

Mean motility and glycolysis during storage at for all experiments 


Days stored 

Motility % 

Rate of motility 

Glucose loss, mgm./lOO ml 

Lactic acid gain, mgm./lOO ml 
Recovery of glucose loss as 
lactic acid, per cent 


DXL17TXE YC 

DIZ.IITEX YCG 

2 

4 

6 

8 

10 

2 

4 

6 

8 

10 

44.0 

32.1 

23.1 

15.9 

12.4 

49.3 

39.0 

29.4 

22.0 

16.4 

2.57 

1.65 

1.11 

0.82 

0.61 

2.80 

2.12 

1.47 

1.08 

0.82 

43.5 

54.5 

63.1 

66.3 

79.1 

64.1 

72.8 

93.8 

102.3 

121.9 

33.4 

43.5 

51.0 

56.3 

51.5 

40.1 

56.6 

Q2.5 

66.2 

60.1 

76.9 

79.7 

80.9 

84.8 

65.1 

62.6 

77.8 

66.7 

64.8 

49.3 


rate of motility, was greater when glucose was added. These differences were 
highly significant mathematically. Also, the effect was noted for all sei^n 
samples, regardless of the actual level of glucose in the dUuted semen either Ij- 
fore or after storage and regardless of the concentration of spermatozoa m the 


As can be seen, the lactic acid production of the semen in the diluter to which 
glucose was added, was higher in every experiment than when no glucose was 
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added. This difference was statistically highly significant. The addition of 
glucose stimulated lactic acid production, as well as motility. 

It is believed that this stimulation was due to the increased concentration of 
glucose in the diluent. In fact, in experiment 1, where an average of from 35 to 
50 per cent more spermatozoa per cubic millimeter was found than in experiments 
2 or 3, there was insufficient glucose added lo some ejaculates for the large number 
of spermatozoa and they failed to live satisfactorily. It was for this reason that 
the amount of glucose was doubled in the second and third experiments. In 
no case in these investigations was the glucose level increased to the level found 
in fresh semen, which has averaged 582.4 zt 195.2 (zh standard deviation) 
mgm. per 100 ml. for 94 determinations on semen of varying quality. However, 
glucose additions to the diluter do not completely prevent the low livability 
sometimes observed in semen samples of extremely high concentration. 

The decrease in the lactic acid levels found after 8 days’ storage suggests that 
this acid was oxidized as the spermatozoa die off, or that this oxidation was a 
constant process which only became apparent when the rate of elaboration of 

TABLE 3 


Percentage of glucose loss recovered as lactic acid 


EXPERI- 

MENT 

NUMBER 

DILUTEE USED 

YC 

YCG 

Days 1 

stored . 

2 

4 

6 

8 

10 

2 

4 

6 

8 

i 

10 

1 

2 

3 

77 
i 41 
104 

78 

44 

123 

85 

39 

123 

79 

52 

118 

59 

36 

103 

63 

31 

89 

68 

45 

118 

55 

37 

107 

51 

1 36 

101 

23 

27 

91 


lactic acid was decreased markedly. In experiments 1 and 2 the spermatozoa 
in a large proportion of the individual semen samples were dead at 8 days. In 
experiment 3, however, where some spermatozoa in every semen sample con- 
tinued to live for from 16 to 22 days no decrease in lactic acid during the 
storage period of 10 days was observed. 

One of the striking facts observed in this investigation was that, in spite 
of the greatly different qualities of semen used, the glucose loss was similar in 
each experiment. In fact, though the loss was greater in the portions of diluted 
semen to which glucose was added, the decrease after 10 days’ storage was almost 
identical for the three experiments. The average glucose loss in the yolk- 
citrate at the end of the 10-day storage period was for experiment 1, 80 mgm. 
per 100 ml.; for experiment 2, 86 mgm. per 100 ml.; and for experiment 3, 72 
mgm. per 100 ml. The loss in the yolk-citrate-glucose diluent was 123 mgm., 
119 mgm. and 124 mgm. per 100 ml., respectively. 

However, as can be seen in table 3, only in experiment 3, where the semen was 
of the highest average quality as measured by methylene blue reduction time, 
was nearly all of the glucose recovered as lactic acid. Also, only in this experi- 
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meut did the spermatozoa continue active, v^orous motility throughout the 
10 days’ storage. In fact, though the glucose continued to disappear after 
storage of 8 days in both experiments 1 and 2, 10 per cent or less of the sper- 
matozoa were alive at this time, and the lactic acid content of the samples was 
decreasing. On the other hand, in experiment 3 some spermatozoa in each sample 
continued to live for from 16 to 22 days, and 35 per cent or more of the sper- 
matozoa were actively motile after 8 days’ storage. 

In corroboration of data previously reported (16), a highly .significant positive 
correlation was found between the total lactic acid gain during 10 days storage 
and the percentage of motile spermatozoa at the end of the storage period (liva- 
bility). Also, as earlier reported, no relation was shown between the glucose 
loss and livability. The correlation coefficients found were as follows: 

Correlation coefficients between livability and ' 
Glucose loss in L<^ctic actd gatn 

10 days in 10 days 

In yolk-citrate diluent 

Only the coefficients between lactic acid gain and livability are of a magnitude 
to be considered mathematically significant in terms of the number of observations 
made (30 paired observations). These observations support the viewpoint that 
energy of glucose break-down supports motility and life of spermatozoa during 
low-temperature storage only if the glucose is glycolyzed to lactic acid. 

Also, the data suggest that, if the glucose was not glycolyzed by the sperma- 
tozoa, it was oxidized by systems introduced by the semen , for the rate of glucose 
disappearance in each of the three experiments was entirely similar, though the 
level of lactic acid gain was markedly different. That the glucose loss was due 
to systems introduced by the semen is indicated further by the fact that neither 
of the dilutees stored alone changed in either glucose levels or lactic acid content 

throughout a 10-day storage period at 5°C. 

Obviously, the statement that glucose w^as oxidized has not been proven by 
this investigation for the methods used could not answer that question. How- 
ever, this interpretation is indicated by the data, and will be the subject of futuie 
investigations. 

The variation in glucose loss recovered as lactic acid for the three experiment, 
indicates that the inherent quality of the semen used is an important item to 
be considered in any study of semen physiology. Apparently glucose may be 
used by semen samples in the presence of yolk-citrate by either glycolytic or 
respiratory systems, but only glycolysis resulte in the production of energy which 

may be utilized by the spermatozoa for motility. r i + 

With the best semen all of the glucose used during storage was transformed to 
lactic acid. With samples of lower inherent quality a variable quantity of the 
glucose was glycolyzed to lactic acid, depending upon the number of spermatozoa 
present and their ability to live. In the case of experiment 3 apparently other 
substrates than glucose were converted to^ lactic acid. During low-temperature 
storage, especially where no glucose was added, more lactic acid was recovered 
than glucose was lost. 



LIVABILITY OF EJACULATED BOVINE SEMEN 


697 


SUMMARY 

In an investigation to determine the effect of adding from 58 to 116 mgm. 
of glucose per 100 ml. to bovine semen diluted at the rate of 1 part of semen to 
4 parts of the yolk-citrate diluent and incubated for 1 hour at 46.5°C. or stored 

for 10 days at 5°C., it was found that: 

1. The added glucose promoted increased livability and lactic acid production 
during incubation for 1 hour at 46.5°C., and during storage for 10 days at 5°C. 

2. The stimulation of motility duration and lactic acid production occurred 
in spite of the fact that the initial glucose stores of the diluted semen samples 
were not depleted. 

3. The glucose loss during low-temperature storage in the three separate 
experiments proceeded at similar rates regardless of the quality of semen used. 

4. Glucose loss was not directly related to the livability of the spermatozoa 
unless that sugar was glycolyzed to lactic acid. 

5. The proportion of glucose loss recovered as lactic acid was dependent upon 
storage interval and upon the quality of the semen used in the separate expeii- 
ments and varied from less than 25 per cent to complete jecovery. 
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The well known studies of Heymans have established the importance of the 
carotid and aortic pressure receptors and chemoreceptors in the buffer regulation 
of the cardiovascular system. There is considerable evidence, however, which 
demonstrates the existence of subsidiary factors which also play a r61e in this 
type of regulation. In the spinal animal, in which the action of the buffer 
nerves is excluded, there are cardiovascular adjustments to both pressure and 
chemical changes. In regard to chemical changes, Kaya and Starling (9) and 
Mathison (13) demonstrated that anoxia produces a compensatory rise in blood 
pressure in the spinal animal. These authors attributed this response to direct 
action of anoxia on the spinal centers, but they did not take into consideration 
the possibility of reflexes initiated by peripheral chemoreceptors. Concerning 
responses to pressure changes. Gammon and Bronk (5) have presented evidence 
which would indicate that the mesenteric Pacinian corpuscles are stimulated 
by changes in the calibre of the intestinal blood vessels, and therefore are likely 
sources of afferent impulses for spinal cardiovascular reflexes. Using the cross 
perfusion technique on the spinal animal, Heymans and co-workers (8) obtained 
compensatory responses to changes in blood pressure which they interpreted as 
reflexes initiated by these Pacinian corpuscles. Their data fail to establish the 
reflex nature of the response, however, and, as they recognize, their results would 
demand a different response of the Pacinian corpuscles than that which had been 
observed by Gammon and Bronk. The fact that similar vascular responses 
may be observed in the absence of reflexes has been demonstrated by Brooks 
(4) who studied the vascular responses of spinal cats in which all dorsal roots had 
been sectioned. These deafferent animals exhibited compensatory elevations 
in blood pressure following a sudden hemorrhage. Since leg volume measure- 
ments gave evidence of vasoconstriction and since other functions of the sym- 
pathetic nervous system showed parallel increases in activity after hemorrhage, 
Brooks concluded that the drop in blood pressure produced by hemorrhage acts 
directly on tlie autonomic centers in the spinal cord to increase vasomotor tone. 
Whether this action was due to the fall in spinal blood pressure itself, or whether 
it was an asphyxial effect resulting from inadequate circulation to the cord, was 
not established. 

The combined evidence of these and other investigators makes it clear that 
there are subsidiary buffer mechanisms operating at the spinal level, but in no 
case has the exact mechanism of the reaction been conclusively established. In 
attempting to clarify this problem, it seemed of value to employ the technique 
of direct nerve recording, since in this manner all uncertainty as to the neurogenic 
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nature of the response may be eliminated. The work of Bronk and his associates 
(2, 14) has shown the inferior cardiac nerve of the cat to be an ideal preparation 
for such a study. This nerve exhibits a considerable degree ol tonic activity 
under normal experimental conditions — activity which is rather dramatically 
inhibited by a rise in blood pressure. The fact that this activity shows synchrony 
with the pulse pressure and that changes in this activity correlate very closely 
with expected cardio-acceleratory and vasomotor readjustments appears to 
justify its use as an index of the activity in the sympathetic outflow to the (;ardio- 
vascular system as a whole. By employing this direct measure of sympathetic 
activity, it has been possible to demonstrate conclusively that changes in oxygen 
tension act directly on the spinal cardiovascular centers to alter their activity, 
and that changes in blood pressure with resultant changes in blood flow are 
capable of altering this activity by virtue of the fact that they alter the oxygen 
supply to these centers. 

Methods. The results reported here were all obtained from acute experi- 
ments performed on cats lightly anesthetized with chloralose. For recording 
the activity in the inferior cardiac nerve, a section of the ventral chest wall 
including the first four or five ribs was removed, the animal being maintained 
with artificial respiration. The inferior cardiac nerve (or one of its l)ranches) 
was sectioned at the point where it passes over the aortic arch and dissect(‘d 
back to within about 1 cm. of the stellate ganglion. The pobaitials obtained 
from the free end of tliis nerve were ami)lified with conventional capacity (‘oiipled 
amplifiers and recorded by means of a (General Electric mirror oscillograph in 
(‘onjunction with a bromide paper camera. 

In all operative i)rocedures, great care was taken to assure th(‘ completeness 
of the various sections carried out. In the case of the carotid sinus, loi’ example, 
a distinct sinus nerve may usually be identified and sectioned, but this |)i’oc(Hlur(‘ 
in itself did not give assurance of the complete elimination of all possilfie afiinxait 
impulses from the sinus. Therefore, after preliminary exposure and denerx ation 
of the sinus, the common carotid was ligated. By placing caudal traction on 
this ligature, it was possible to place a hemostat obliquely across the internal and 
external carotids and their branches about 5 mm. above the carotid sinus and 
glomus. Finally, the isolated sinus was cut open, blood expcdled from it, and 
observed for several minutes to make certain that there as no residual bleeding. 
This procedure eliminated the possiblity of collateral circulation exci ting back 
pi’essure on the sinus and thereby stimulating any afTerent fibres which liad (es- 
caped section. Dorsal root and cord sections were performed intradurally after 
suitable laminectomy. In cases of any possible uncertainty as to th(' success 
of the operative procedures, the animal was carefully autopsied at the conclusion 
of the experiment. This was done routinely in cases of dorsal root section. 

A cannula inserted into the saphenous vein was used for injections, and a 
femoral or carotid artery used for blood pressure recording. The latter was 
recorded optically using a dampened membrane manometer. A Starling typ(‘ 
'TdeaP' respirator was employed for maintaining artificial respiration. (las 
mixtures contained in Douglas bags could lie admitted to the respirator as 
desired by the use of appropriate valves. 



700 


ROBERT S. ALEXANDER 


Results. The tonic activity found in the inferior cardiac nerve after the 
carotid and aortic nerves have been eliminated and the effect on this activity 
produced by a rise in blood pressure is shown in figure 1 A. In the animal with 
buffer nerves intact, the tonic activity is typically restricted to barrages ol 
impulses in synchrony with each pulse wave, suggesting that the tonic activity 


A 



Fig. 1. Inhibition of tonic activity in inferior cardiac nerve afier removal of afferent.s. 

Rase line in .all figures gives time intervals of l/5th secomts. 

A Carotid and aortic buffer nerves eliminated. Adrenalin (1 cc. 1 :50,();)!)) injected dur- 
ing gap in reconl. Note synchrony of activity with pulse in initial portion ami inhibition 

of activity as blood pressure rises. , . , . , ■ , n. 

H. Same animal as above shortly after cord and sympathetic chain sections at I „. 
Higher amplification than in A. Blood pressure raised with adrenalin. , . , . 

C. Similar preparation with buffer afferents removed and cord and sympathetic ctiain 
sections at T«. At gap in record, aorta occluded at level of diaphragm. 

D. Deafferent preparation; cord sections at (Is and Ts. .Adrenalin injection. 

is periodically inhibited by impulses initiated in the bufler afferents with eatth 
systolic peak of pressure. Evidence supporting this assumption is found in the 
fact that when these buffer afferents are eliminated, the tonic activity becomes 
largely random and according to others (14) no longer shows synchrony with the 
pulse pressure. In our experience, however, some synchrony with (he iiulse 
pressure still persists, as is evident in the initial portion of figure 1 A. I he vciy 
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persistence of this pulse synchrony suggests the presence of some additional 
mechanism tending to inhibit activity with each pulse wave. Furthermore, • 
even though the buffer nerves have been eliminated, a rise in blood pressure 
produces a definite reduction in the tonic sympathetic activity, as shown in the 
latter portion of figure lA. This response is in contrast to that in the normal 
where a comparable rise in blood pressure leads to a complete inhibition 
of activity; nevertheless an incomplete but definite reduction in activity similar 
to that shown here was obtained in repeated experiments. 

In order to eliminate impulses from mesenteric receptors, the splanchnic 
nerves were then sectioned. Whether this had any minor effect on the activity 
in the inferior cardiac nerve could not be accurately determined; grossly the same 
type of responses was obtained as that shown in figure lA. To totally exclude 
all possible afferent impulses from the caudal half of the animal, the spinal cord 
and the sympathetic chains (including visceral afferents) were sectioned at a 
mid-thoracic level. As was to be expected, acute section of the thoracic cord 
greatly depressed the animal, but with sufficient amplification considerable 
residual activity could be recorded in the inferior cardiac nerve. Such an animal, 
lacking connection with all receptors below the thorax and with aortic and carotid 
receptors eliminated, still gave definite evidence of a reduction in tonic sym- 
pathetic activity when the blood pressure was raised with adrenalin (fig. IB). 

The use of admnalin to elicit such rises in blood pressure was a natural selection, 
but it introduces one possible complication in that adrenalin in sufficient con- 
centration has a direct inhibitory action on transmission in sympathetic ganglia 
(12). To avoid this complication, blood pressure was raised by pitressin in- 
jections, and reductions in the tonic sympathetic activity were obtained which 
were quite comparable with those obtained with adrenalin. In order to eliminate 
pharmacological complications completely, moreover, thoracic blood pressure 
was raised by suddenly occluding the aorta at the level of the diaphragm. This 
procedure served the additional purpose of restricting the possible locus of the 
blood pressure effect, since the rise in pressure in the anterior half of the animal 
was at the expense of a fall in blood pressure in the caudal half of the animal. 
The results obtained by this sudden occlusion of the abdominal aorta were typical 
of that illustrated in figure 1C where inhibition of tonic activity with a rise in 
blood pressure is again evident. This inhibition could not have been due to 
afferent impulses entering the spinal cord over thoracic dorsal roots, since it 
was found to be unaffected by sectioning all dorsal roots above the level of cord 
transection. 

In view of these preliminary results, it appeared highly improbable that the 
persisting inhibitory response was of reflex origin. To demonstrate this point 
conclusively, it was necessary to study the spinal cord and its motor outflow 
isolated from all other nerve influences. This was accomplished by combining 
low cervical and mid-thoracic transections of the spinal cord, section of all dorsal 
roots between levels of cord transection, and bilateral section of the thoracic 
sympathetic chains above and below the ganglia corresponding to the lower 
level of cord section. This isolated the upper thoracic cord (representing the 
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iucludiBg its own dorsal roots* To eliminate any complications arising from 
vagal influence on the heart, the vago-sympathetic trunks were also sectioned 
Mfeterally* This type of preparation was used in all of the remaining experi- 
ments and will be refeired to as the ‘‘deafferent spinal” preparation. Somewhat 
contrary to expectations, tonic activity could still be recorded in the inferior 
cardiac nerve in spite of the severe state of depression following acute section 
of the cervical cord. Furthermore, the deafferent spinal preparation was found 
to exhibit a definite reduction in this residual tonic activity when the blood pres- 
sure was raised by adrenalin (fig. ID) or by sudden occlusion of the aorta 
at the level of the diaphra^ (fig. 2A). 

During the initial stages of this investigation, pressor drugs had been employed 
in the hope of clarifying the possible r61e which might be played by hitherto 
unrecognized pressure receptors. Various observations, however, pointed to 
the fact that the inhibitions seen in records such as 1C and 2 A were due to changes 
in blood flow rather than to changes in blood pressure per se. One indication 
of this was that release of the clamp occluding the aorta with a consequent sharp 
drop in thoracic blood pressure was not accompanied by any immediate resump- 
tion of tonic activity, as would be expected if the inhibitory effect was purely 
one of pressure. On the contraiy, it was a matter of a minute or more before 
the tonic activity returned to the control level, suggesting that the increase in 
blood flow had produced some change in the tissues of the spinal cord which 
persisted for a short time after blood flow had been reduced to the original levels. 
The most obvious factor which might account for this relationship between tonic 
activity and blood flow would be alterations in blood gas equilibria within the 
tissues of the cord. In support of this assumption was the fact that changes in 
the rate of artificial respiration had marked effects in altering the amount of 
tonic activity recorded ia the nerve. 

Records from an experiment illustrating these effects of changes in ventilation 
are shown in figures 2B-D. After completing the occlusion experiment recorded 
in figure 2A, the clamp was removed from the aorta and the respirator speeded 
up so as to hyperventilate the animal. The change produced by this hyperventil- 
ation is shown in figure 2B. By comparing the activity in this record with that 
in the initial portion of figure 2A, a definite reduction in tonic activity may be 
seen. The respirator was then stopped, and shortly thereafter a progressive 
increase in sympathetic activity was noted. During the course of this asphyxial 
rise in cardio-accelerator tone, the aorta was again clamped, and in figure 2C it 
win be seen that the rise in blood pressure produced by this occlusion failed to 
inhibit the nerve activity. When, however, the respirator was turned on with 
the clamp still occluding the aorta, the activity fairly shortly subsided to the 
original level (fig. 2D), ^ince the blood pressure rise failed to show any inhib- 
itory effect in ihe^^^a adequate aeration of the blood, it is apparent that 

the inhibitoiy respc*nse previously obtained js not a direct effect of pressure, but 
rather4|ie res^ increase in the flow ofircninallyLaerated blood to the spinal 

:-cord. ' 
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There remains the problem as to whether this effect is due to alterations in 
the supply of oxygen to the tissues or to alterations in the removal of carbon 
dioxide from the tissues. To settle this point, the effects of hypercapnia and 
anoxia were tested on well ventilated preparations by the introduction ol‘ various 
gas mixtures into the respirator. The acute depression of the circulatory system 
in these deafferent spinal preparations, however, made it difficult to carry the 




2. Klfocis of respiration on tonic activity and blood pressure resi)oF)se. All records 
obt ained witii t lie same ami)lificat ion from t b(‘ same deatTenml spinal })r(‘parat ion ; cord 
sect ions at C,; and T^. 

A. Animal ventilated at normal rate; aorta occluded at arrow. 

B. Activity after one minute of hyperventilation, 

('. Activity after one minute of asphyxiation; aorta occludcul at arrow. Note absenc(‘ 
of inhibition. 

1). Clamj) still occluding aorta; activity falls as n'spiration is resumed. 

Miiinuil through repeated exposures to anoxia. In several (‘xperinuuits, there- 
fore, the axial and carotid arteries, the alidominal aorta, and tin' (‘orres|)onding 
veins were ligated, thereby restricting the (cardiac* output to the tlioracic 
aorta and its branches. This procedure served to maintain thoratnc. blood 
pressure at adetpiate levels for a series of experiments. In addition, al- 
though there remained some collateral circulation to otluu' i)arts of the body. 
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the immediate effect of the experimental alterations in blood gas tensions would 
be largely restricted to the vascular bed supplied by the intercostal arteries, 
in which the thoracic cord is the essential significant structure. 

Recordings from such an experiment performed on a deafferent spinal animal 
with restricted circulation are shown in figure 3. The first record (3 A) shows 


A 




Fig. 3. Effects of anoxia. All records with same amplification and from same spinal 
deafferent preparation; cord sections at C 5 and To. (Circulation restricted as described 
in text. 

A. Ventilation at moderate rate with room air. 

B. Activity after 90 seconds’ ventilation with nitrogen. 

C. Further increase in activity with anoxia, five seconds of recording omitted between 

B and C. , . 1 

D. A mixture of 90 per cent O 2 and 10 per cent CCO 2 substituted for the nitrogen. Record 

shows decrease in activity as oxygen reaches tissues. 

E. Return to original low level while being ventilated with O 2 -CO 2 mixture; 5 seconds 
of record omitted between D and E. 

the activity present in the inferior cardiac nerve when the animal was being ven- 
tilated at a moderate rate with room air. A valve was then turned so as to feed 
the inlet of the respirator with pure nitrogen. After a latency of about 40 seconds 
(20 sec. of which was attributable to dead s^ace) an increase in nerve activity 
could be detected. Within 90 seconds, this increase had become very pronounced 
(figs. 3B and 3C). A mixture of 90 per cent oxygen and 10 per cent carbon 
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dioxide was then substituted for the nitrogen. When oxygen again reached the 
tissues, the activity rapidly lowered (fig. 3D) and returned to the initial low level 
(3E). This demonstration of a marked increase in activity when the animal 
is ventilated with nitrc^en free of carbon dioxide and its inhibition by ventilating 
with oxygen containing 10 p6r cent carbon dioxide makes it clear that the stimula- 
tory effect of asphyxiation seen in figure 2 is due to anoxia and can not be 
attributed to tissue hypercapnia. 

The blood pressure responses in the deafferent spinal animal accompanying 
the anoxia were somewhat variable, but in general were in agreement with the 
responses which have been previously reported for the effect of anoxia on the 
spinal animal (13). In the normal animal, reflex and central stimulatory effects 
appear to predominate initially over the developing anoxic failure of the heart, 
and there is a corresponding initial rise in blood pressure. In the spinal animal, 
however, the remaining compensatory mechanisms are not able to completely 
correct for anoxic failure of the heart muscle, and as a consequence there tends 
to be a progressive fall in blood pressure with little or no indication of an initial 
rise. That this drop in blood pressure is due to heart failure was evidenced in 
these experiments by gross ventricular dilatation, development of heart block, and 
frequently the appearance of fibrillation if the anoxic period were not fairly 
shortly terminated. That this drop in blood pressure did not relate to diminished 
sympathetic tone was evidenced by the greatly increased activity seen in the 
inferior cardiac nerve (fig. 3C), and also by a very dramatic rise in blood pressure 
immediately after the anoxic period, which would appear to represent recovery 
of the heart muscle before the oxygen tension in the spinal centers had been ade- 
quately restored. It should be emphasized, moreover, that the increase in nerve 
activity is in no way dependent upon the cardiac failure and consequent drop 
in blood pressure. In many experiments the activity of the inferior cardiac 
nerve showed a definite increase before the blood pressure had fallen more than 
10 mm. If the circulation to the abdominal viscera was not occluded, it was 
possible in a few cases to obtain an initial rise in blood pressure with the anoxia. 
It is quite possible that liberation of adrenalin by the sympatho-adrenal system 
might have contributed considerably to this rise in blood pressure (10). How- 
ever, the fact that a marked increase in tonic activity still occurred in the cases 
where the blood pressure rose indicates that the stimulatory action of anoxia is 
not dependent upon a failing circulation and consequent capillary stasis within 
the spinal cord. 

Since sympathetic ganglia are interposed between the cord and the postgan- 
glionic fibres from which the activity was recorded, the question arises as to ’ 
whether this stimulatory effect of anoxia is necessarily acting on the spinal cord. 
In this connection, it should be pointed out that the anoxic stimulation was 
purely a transient phenomenon. Within about a minute of the time that this 
activity became marked, there was an abrupt disappearance of all activity from 
the nerve. This stage of failure was reversible if oxygen was restored fairly 
prcHnptly. In contrast to this picture, Bronk and Larrabee (3) working with the 
same nerve preparation as that employed here, found that occlusion of the blood 
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supply to the stellate ganglion with consequent stasis and anoxia did not bl^k 
goTiglinnin transmission Until periods of well over 30 minutes. Somewhat similar 
results were obtained by Bargeton (1) who studied the superior cervical ganglion. 
In neiriier study was there any report of activity arising spontaneously withm 
the ischemic ganglia; in fact there is considerable evidence which indicates that 
sympathetic ganglia are incapable of independent spontaneous activity (7). 
If the preganglionic fibres were subjected to considerable ^stimulation durmg 
the ischemic period, an initial period of facilitation of transmission was observed. 
However there is no basis for attributing this facilitation to anoxia; Bargeton 
favored the vfew that it was caused by accumulation of excess potassi^. These 
studies, of the ganglia, therefore, do not offer any explanation for the picture which 
has bem cAiserved here. Furthermore, in experiments such as that shown in 
figure 3, it was found that destruction of the thoracic cord cimipletely abolished 
the actiidty in the inferior cardiac nerve of the surviving preparation r^ardless 
of the gases with which it was ventilated. It therefore appears justifiable to 
exclude anoxic effects on the ganglia from any significant contribution to the 
responses observed here, and regard these changes in tonic activity as being due 
primarily to a direct action of anoxia and blood flow on the cardiovascular centers 

within the spinal cord. . r xi. f * + 

Discussion. This study constitutes a direct demonstration of the tact that 

alterations in cardio-accelerator tone may be produced in the deafferent spmal 
n.nima.1 by alterations in blood flow to the spinal cord. A^ummg that these 
changes in cardio-accelerator tone are paralleled by changes in v^omotor tone, 
the evidence serves to confirm the similar conclusions of Brooks in his interpre- 
tation of the compensatory changes in blood pressure following acute hemorrhage. 
The data further indicate that the significant factor in blood flow is the resultant 
alteration in oxygen supply. In evaluating these findings, the acute nature of 
the experiments reported here should be emphasized. There has been a tendency 
by some to regard the compensatory changes seen in the chronic spinal animal 
as the development of mechanisms after cord section which were dormant and 
nonfunctional in the normal animal. This can not apply to the experimental 
results reported here, since in some cases recordings were made within ten mmutes 
of the time of cord section, at which time the compensatory response to anoxia 

was demonstrablei*' ; V< x « a » 

The significance which these findings have for the compensatory reflex 
effects in the spinal animal reported by Heymans and co-workers (8) (cf. also 
SimiSter and Conklin (15)) is problematical. It appears quite PO^ible that 
these supposed reflex rei^KMises might have been due to chanps in blood Hot 
to the spinal centers, involving the same mechanism as th^t studied here. On toe 
other hand, toe present data in no way exclude the possibility that the Pacinian 
corpuscles or other as yet unknown pressure or chemoreceptors may play a si^i- 
ficant subsidiary r61e in cardiovascular regulation. Any future invest^tion 
designed to demraistrate the action of suc^receptors, however, must ta^e due 
prec^tiMi to differentiate reflex mechanisms from" the direfct action of blood 

flow and aiMHiia on the spinal cardiovascular centers. 
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This demonstration of a stimulatory action of anoxia on spinal cardiovascular 
centers necessitates a modification of the view which has been held by Gellhom 
and his associates that anoxic stimulation of the cardiovascular system is due 
exclusively to reflexes initiated by stimulation of the peripheral chemoreceptors 
(11, 6). As a matter of fact, in the more recent of these two studies (6) it is 
reported that other spinal autonomic centers are stimulated by anoxia, but 
no data are given on the cardiovascular response to anoxia in the spinal animal. 

The finding of tonic activity in the acute deafferent spinal preparation was 
somewhat unexpected and is in itself an observation of considerable interest. 
Since observations have not been extended to the chronic preparation, the possi- 
bility that this activity was dependent on irritative effects from trauma of the 
cord can not be excluded. Arguing against this possibility is the fact that in 
^ total of 10 deafferent spinal preparations which have been studied, tonic activity 
was uniformly present and control recordings showed no significant variation 
over periods of four to five hours during which observations were made. Fur- 
thermore, if the tonic activity is to be explained on irritative grounds, then the 
increase in activity with anoxia must be considered as facilitation of these 
irritative stimuli. The magnitude of this anoxic increase in activity, especially 
when related to the negligible amount of activity found in the hyperventilated 
animal, makes any such explanation seem highly improbable. 

It would be of interest to know how much of a role the oxygen tension in the 
spinal cardiovascular centers may contribute to cardiovascular tone in the normal 
animal. Although the reaction to anoxia reported in these experiments is rather 
marked, the experimental procedures were such that the entire circulatory system 
was too acutely depressed to be in any way comparable mth the normal con- 
dition. Hence any direct translation of these results to responses of the normal 
animal is quite unjustified. Our present knowledge of the mechanisms involved 
in cardiovascular regulation would indicate that the buffer reflexes are dominant 
to any action of oxygen at spinal centers, and doubtlessly they would intervene 
to correct circulatory disbalances before the spinal centers could become mark- 
edly anoxic. The very fact that anoxic stimulation of the spinal centers could 
be demonstrated in spite of the extreme depression of the acute preparations, 
however, suggests that oxygen tension may play some r61e in determining the 
general excitatory state of the spinal centers in the normal animal, thereby serv- 
ing to reinforce the buffer reflex mechanisms. It is obvious that this action of 
anoxia on spinal centers would assume a more important r61e in states of acute 
depression such as those seen in neural or circulatory shock, and also serve as 
a safeguard to protect the spinal cord from any circulatory inadequacies which 
might result from local interference with its blood supply. 

Acknowledgment, 1 wish to express my appreciation to Dr. Robert F. 
Pitts, upon whose suggestion this investigation was undertaken, for his many 
valuable suggestions and constructive criticisms. 
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SUUMABT 

By employing the activity in the inferior cardiac nerve of ^e cat as a direct 
index of the activity in the sympathetic outflow to the cardiovascular system, 

the following conclusions have been reached: . . - 

1. After removal of aU possible sources of reflex inhibition, a nse m thomcic 
blood pressure produced by injections of adrenalin or pitressin or by sudden 
occlusion of the abdominal aorta still serves to inhibit the tonic activity m the 
thoracic sympathetic outflow to the cardiovascular system. 

2. The tonic activity arising within the spinal cardiovascular centers 
afferent spinal preparations is sensitive to changes in oxygen teMion. Tto 
activity is depressed by hyperventilation or ventilation with a mixture of 90 
per cent O* and 10 per cent COj, and stimulated by asphyxiation or ventilation 

with pure nitrogen. • ^ 

3. In the deafferent spinal preparation, a rise in blood pressure mhibits sy - 
pathetic activity by increasing the flow of blood to the spmal cord. Th^ 
increases the supply of oxygen to the spinal cardiovascular centers and thus 

depresses their activity. . . ., . • j # 

4 It is suggested that the oxygen tension m the spmal cord of the norim 
animal may contribute to the excitatory state of the spinal cardiovascular 
centers, and thereby reinforce the buffer reflexes which are mtegrated at higher 
levels of the nervous system. 
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Early use of the Fick procedure for determination of cardiac output in the dog 
(1) and the horse (2) involved the drawing of venous blood from the ‘‘right heart*’ 
(1) or the right ventricle (2). Recent applicants of the procedure to man (3, 
4) and the dog (5, 6, 7) have taken venous blood from the right auricle. With 
this technique, we have seen large variations in cardiac output in repeated deter- 
minations in the dog (8). Examination of the results of three such experiments 
(table 2, expts. 1-3) suggested that the variation did not depend on changes in 
oxygen consumption or arterial oxygen content, but on changes in venous oxygen 
content. Two likely explanations, (1) failure to obtain a representative sample 
of mixed venous blood, (2) change in cardiac output with time, have been in- 
vestigated. 

Experiments. Dogs were anesthetized with ether long enough to permit 
the intravenous injection of 250 mgm. per kgm. of sodium barbital. A tracheal 
cannula was inserted, and connected with a spirometer of the Benedict-Roth 
type, or with a flutter-valve system to separate expired air, which was collected 
in a Douglas bag. Oxygen consumption was measured from the spirometer 
tracing or by determination of the volume and composition of the expired air, 
which was analyzed with a 25 cc. Orsat-Henderson apparatus. Respiratory 
minute volume and CO 2 production were calculated from these data. Blood was 
collected from various parts of the circulation by cannula or needle puncture 
without exposure to air, over mercury (9). Duplicate analyses for oxygen on 
2 cc. samples or oxygen and carbon dioxide on 1 cc. samples were done by the 
manometric method of Van Slyke and Neill (10). Cannulae were introduced 
into the venae cavae and the right auricle by way of the right external jugular 
vein. Steel cannulae were used, the apertures being 70 mm. apart for the venae 
cavae, 25 mm. apart for two points in the auricle. Blood from the right ven- 
tricle was obtained by needle puncture (11). The location of the cannulae and 
the site of needle puncture were determined post mortem. Mean arterial pressure 
was recorded by a Hg manometer, and pulse rate counted from its tracing. 

Results. The precision of the blood gas analysis is indicated by the average 
difference of duplicate oxygen analyses, which was 0.096 cc. per 100 cc. for 89 
pairs. In addition, blood was drawn simultaneously; by means of a cannula 
and a needle from a well-mixed sample over mercury,' and analyzed for oxygen. 

^ A preliminary communication of some of these data appeared in Federation Pro- 
ceedings S, March, 1944. 
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In tao Wch experimenfa, the .vetage diflerenee in oxygen eontent wan 0.175 

of aimnltaneou. «»npUng of venoua bloM at 
ahoa“ in table 1. In font pai« of sample, from the venae eavae, the oxygen 

TABLE 1 

Oxygen conieni of simultaneously drawn samples of venous blood 




OXYGEN CONTENT CC. PEE 100 CC. BLOOD 

c 

IXYOEN 

aediac 

aete- 

ElAL 

EXP. 

KO. 

SIMULTANEOUS* 

SAMPLES 

Vena cava 

Right auricle 


Right 

ven- 

Fe- 

moral 

SUMP- 0 
TION 

►UTPUT 

PEES- 

SUEE 



Sup. 

Inf. 

Ceph. 

Caud. < 

Center 

tricle 

artery 


- 



- 









CC. per 
mtn. 

1 . per 
min. 

mm.. 

Hg 

1 

Auricle 



18.14 

18.15 



21.20 

59.7 

1.96 

118 

2 

Auricle 



15.61 

15.83 






116 

3 

Auricle venae 



15.04 

17.22 







cavae 

14.25 

16.08 









4 

Auricle venae 


19.96 

21.26 

22.08 






120 

no 


cavae 

16.96 








5 

Auricle, vena 

19.55 



19.36 



21.30 

126 

6.51- 

7.32 

145 


cava 












Auricle, ven- 





10.37 

14.82 



1 

127 

6 





12.32 

14.89 




*123 


tricle 





7.05 

14.00 




114 


Auricle, ven- 





16.70 

15.83 




164 

7 





16.41 

15.83 




145 


tricle 



10.37 

11.64 

11.36 




92 


Auricle, ven- 





10.67 

13.93 




137 

8 





10.66 

1 10.66 




92 


tricle 



12.82 

1 13.40 

13.57 




114 


Auricle, ven- 





21. 9£ 

> 21.27 

' 25.31 

) 102 

4.39- 

- 128 

9 







6.22 



tricle 











10 

Vena oava, 

’I4.a 

} 




15. 4J 

i 



100 


.ventricle 











11 

Venae cavae, 

f ul'" 

||,12.1i 

5 13.5 

6 


1 

12.9 

5 16.8 

5 122 

3.12 

135 


veiitricle 









1 



• FigureB for 0x3^ content on the same line were simultaneous samples. 
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1.79 cc. per 100 cc. In one experiment, not shown in the table, in which the 
oxygen content of superior and inferior vena caval blood differed by 4.04 cc. 

TABLE 2 


Serial determinations of cardiac output 


EXP. 

TIME* 

METHODf 

k 

OXYGEN 

CONSUMP- 

TION 

% 

i 

p 

E.Q. 

OXYGEN 

CONTENT 

COa 

CONTENT 

A-V DIF- 
FERENCE 

CARDIAC 

OUTPUT 

AR- 

TERIAL 

HEART 

RATE 

NO. 



o 

u 

Ar- 

terial 

Ve- 

nous 

1 Ar- 
jterial 

Ve- 

nous 

Oi 

CO 2 

O 2 

COa 

PRES- 

SURE 

PER 

MIN 


min. 


/ per 
min. 

CC. per 
miff. 

cc. per 
mtn. 


cc. 

m 

per 

7 cc. 

cc. per 
100/ cc. 

cc. per 
100/ cc. 

1. per 
mtn. 

mm. 

Sg 


n 

X 

Closed 


89 



21.63 

; 18.64 



2.99 


2.97 


190 

147 


x + 20 

Closed 


92 



22.64 

16.03 



6.61 


1.39 


162 

144 


x + 60 

Closed 


90 



22.47 

15.78 



6.69 


1.34 


168 

135 


X + 240 

Closed 


111 



23.17 

15.73 



7.44 


1.49 


152 

159 

2X 

X 

Closed 


128 



25.97 

23.15 



2.82 


4.54 


156 

180 


X + 20 

Closed 


121 



25.91 

21.37 



4.54 


2.66 


148 

144 

St 

X 

Closed 


133 



21.85 

19.03 



2.82 


4.72 


171 

168 


x + 20 

Closed 


138 



21.31 

17.90 



3.41 


4.05 


166 

180 

4 

180 

Closed 


152 



19.87 

14.95 



4.92 


3.09 


133 



210 

Closed 


129 



20.19 

13.58 



6.61 


1.96 


121 


5 

103 

Closed 


176 



21.41 

17.51 



3.90 


4.50 


• 151 

186 


154 

Closed 


157 



18.03 

12.03 



6.00 


2.62 


116 

ISO 


175 

Closed 


143 



17.70 

10.98 



6.72 


2.12 


87 

174 

6 

140 

Closed 


170 



23.98 

18.52 



5.46 


3.11 


157 

174 


173 

Closed 


173 



23.43 

17.31 



6.13 


2. .83 


140 

174 

7 

68 

Closed 


116 



15.61 

13.05 



2.56 


4.53 


134 



101 

Closed 


110 



15.32 

11.80 



3.52 


3.13 


122 


8 

105 

Open 

4.50 

96 

44 

0.46 

22.02 

18.40 

45.51 

48.35 

3.62 

2.84 

2.83 

1.55 

135 

164 


195 

Open 

4.24 

99 

59 

0.60 

21.79 

16.48 

45.78 

49.97 

5.31 

4.19 

1.86 

1.41 

153 

171 


274 

Open 

3.75 

110 

70 

0.64 

20.04 

14.37 

49.87 

52.24 

5.67 

2.37 

1.94 

2.95 

152 

81 

9 

135 

Open 

4.86 

156 

118 

0.76 

18.28 

13.83 

43.74 

46.59 

4.45 

2.81 

3.51 

4.20 

170 

186 


222 

Open 

5.50 

186 

132 

0.71 

19.10 

13.46 

40.94 

44.82 

5.64 

3.88 

3.30 

3.40 

170 

189 


317 

Open 

5.68 

181 

119 

0.66 

19.52 

13.62 

39.33 

44.06 

5.90 

4.73 

3.07 

2.52 

168 

210 

10 

258 

Open 

3.09 

120 

78 

0.65 

20.84 

15.27 

50.89 

54.45 

5.57 

3.56 

2.16 

2.19 

164 

183 


310 

Open 

4.75 

no 

74 

0.67 

22.10 

18.00 

42.51 

46.04 

4.10 

3.53 

2.71 

2.10 

122 

180 

11 

250 

Open 

10.2 

142 

119 

0.84 

18.54 

10.52 

39.16 

43.74 

8.02 

4.58 

1.77 

2.60 

132 



314 

Open 

7.17 

133 

103 

0.78 

19.65 

11.79 

32.64 

39.92 

7.86 

7.24 

1.70 

1.42 

94 



336 

Closed 


136 



21.50 

12.54 

36.27 

42.98 

8.96 

6.71 

1.52 


116 


12 

236 

Open 

4.94 

117 

65 

0.56 

22.89 

17.93 

34.63 

38.59 

4.96 

3.96 

2.36 

1.64 

122 

207 


300 

Open 

4.35 

107 

94 

0.88 

22.45 

16.60 

35.16 

40.15 

5.85 

4.99 

1.83 

1.88 

106 

ISO 


380 

Closed 


123 



24.45 

15.46 

38.56 

45.84 

8.99 

7.28 

1.36 


125 

198 


* Time in minutes after induction of anesthesia. 

t Method of determination of oxygen consumption. “Closed" *= spirometer and oxygen. “Open" »* collection 
and analysis of expired air. 

} Venous blood taken from right auricle in these experiments, from the right ventricle in the remainder. 


per 100 cc., blood was taken simultaneously from the right and left pulmonary 
arteries. The difference in oxygen content was 0.39 cc. per 100 cc. 

Table 2 shows the results of serial determinations of cardiac output. In 
experiments 1 to 3 the exact time at which the first determination followed the 
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mducti<m of aiiesthesia is not known, but tbe interval was less ^ 

It aoDeara that in the barbitalised dog, cardiac output decreases nakedly dumg. 
tho^rst four hours aftet induction of anesthesia. The expiration of carbo 
SLmely v«iable in K.»|. dog., Mid iiguio. for cardiM ou^ut oom- 
may dMer markedly from tho» eomputed from O. 
fiffures Respiratory minute volume and the apparent resp^atory quo i 
varv markedly Whether open or closed respiratory system is used does not 
Inrla^rSthe observed phenomena. In four of five experiments, arterial 
O, Content varied directly, arterial CO* content inversely with the respira ory 

“ J^oT ^Svml investigators have described the maintenance of dk- 

Crete streams of blood flow beyond a venous confluence (12) 

M Lrt (13). It appears that a simi lar phenomenon occurs m the dog a 



18 20 
OXYGEN 


slooo^asts cc FES^l'oO CC-CASSON OOXlOE 


Each* 


OXYGEN - an I tmeau 

Fig. 1. The relation of arterial blood gas content to respiratory minute volume, 
experiment is identified by a separate symbol. 

^iirht auricle. Blood from the superior vena cava contained less 
blood from the ;iuferior vena cava, and on five of six occasums, blo^ r 
cephalad portion of the right auricle contained less oxygen than o to 
Tau^d pSL Blood from the right venteicle differed m o^gen - 
blld t^t was token from the riglit auricle, contoming more as often as le® . 
Sdikrence seen'hfere is greater than that reported foy in^, when a^theter 
is introduced into the right ventricle, and subsequently withdrawn mto the rig 
auricMllf However, our observed difference between samples talmn rom two 
oSin the tm auricle is less than this difference reported for i^n 
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junction to the pulmonary artery is not known, but is computed as 2J seconds, 
in an anesthetized dog with a heart rate of 160 per minute, a cardiac output of 
2400 cc. per minute, and an assumed blood content of right auricle and right 
ventricle of six times the stroke volume, namely, 90 cc. Since the superior and 
inferior vena caval blood oxygen content differs considerably, and if there are* 
only 2| seconds for blood to become mixed in the right auricle and ventricle, 
one might question the completeness of mixing of blood in either the right auricle 
or right ventricle. If the time for blood to pass from the vena caval-auricular 
junction to the pulmonary artery is prolonged, then one might expect better 
mixing. This may be the case in the unanesthetized dog in which the normal 
heart rate is around 70 per minute. 

It should be pointed out that with a certain error in the mixed venous blood 
oxygen content, say 1 cc. per 100 cc., the percentage error in the estimation of 
the cardiac output is smaller the greater the arteriovenous oxygen difference. 

A decrease in cardiac output during the early period of barbital anesthesia in 
dogs has previously been reported (15), but the time for approach to a steady 
state was said to be 90 minutes. Doi (16) saw with the Fick procedure a constant 
cardiac output in cats under urethane anesthesia, during changes made in the 
oxygen content of inspired air. Marshall (11, 17) used the Fick procedure in 
unanesthetized dogs, and stated that serial determinations of cardiac output on 
the same day showed a variation of 10 per cent or less, but Tappan and Torrey 
(18) found, with the Fick procedure, decreases of 15 to 35 per cent in successive 
determinations in morphinized dogs. Green and others (19) have recommended 
that a control period of three to four or more hours be allowed during anesthesia 
with barbital, morphine, etc., op the basis of their observations of progressive 
changes during that period in hematocrit, oxygen consumption, rectal tempera- 
ture, and cutaneous blood flow. 

Our results show frequent large discrepancies between cardiac outputs as 
computed from O 2 and CO 2 data. The calculation from CO 2 data may be ex- 
pected to be more erroneous (20,21). In the calculation of the cardiac output by 
the Fick method it is necessary that one measure over a period of several minutes 
the average rate of CO 2 elimination by the respiratory tract, and the average 
arteriovenous CO 2 difference over the same period of time. If the respiratory 
minute volume changes during the above time the alveolar CO 2 concentration, 
arterial and venous CO 2 content, and the arteriovenous CO 2 difference may 
change. Thus the arteriovenous difference that one determines at one instant 
during the above time may not represent the average arteriovenous CO 2 differ- 
ence and therefore the calculated cardiac output will be in error. Much smaller 
errors in cardiac output would be expected when oxygen is used in the deter- 
mination for considerable changes in alveolar oxygen concentration cause little 
change in the arterial or venous oxygen content, or arteriovenous oxygen differ- 
ence. The variations seen in the respiratory quotient are also explicable on this 
basis. Evidence for such changes is given by the values for respiratory minute 
volume and arterial CO 2 content (see also (5)). Respiratory minute volume and 
the rate of CO 2 elimination do not seem to show a progressive unidirectional 
change as is seen in cardiac output. 
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SUMMABY 

The oxygen ccmtent of blood frequently differs when drawn stoultoeo^ly 
-from the two venae cavae, from two points in the right auricle, or from the ri«ht 
auricle and right ventricle, in dogs in barbital anesthesia. J&tii^tion of cardmc 
output in the barbitalissed dog by the Fick procedure with blood taken from the 
right auricle may be in considerable error as a result of obtaming a non-represen- 
tative sample of mixed venous blood. , - u 

There is a progressive decrease in cardiac output during the first four hours 

of barbital anesthesia in dogs. 
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In addition to the recently demonstrated antithyroidal action of thiourea, 
the use of this substance in measuring renal function (1) and in the estimation 
of the total body (2-3) water has been considered. In this paper is considered 
the possible usefulness of the drug in the light of studies dealing with its absorp- 
tion, distribution and excretion in the body. The investigations on thiourea 
were performed in conjunction with similar ones dealing with thiouracil (4-6). 

Methods. The studies were conducted on rats and man. The rats were 
of the Wistar strain and were raised in this laboratory. 

The methods used for the estimation of thiourea in tissue,and body fluids are 
the ones previously reported for thiouracil (4) and consequently only a few 
details will be repeated here. The methods are based on Grote’s observation 
(7) that a blue color was formed by substances of a C = S type when treated with 
a special reagent which is made by the treatment of sodium nitroferricyanide 
in sodium bicarbonate solution with hydroxylamine hydrochloride followed by 
bromine. When G rote’s reagent is added to thiourea, a blue color is formed 
and its intensity is estimated in an Evelyn photoelectric colorimeter, using a 620 
filter and no, 6 diaphragm. The maximum transmission, as shown by a Hardy 
recording spectrophotometer, occurs at 600 mu (fig. 1). When the colorimeter 
readings of standard solutions, varying in concentration from 0.2 to 10 mgm. 
per cent, are plotted on semilogarithmic paper, a straight line is obtained. This 
method has been used in the determination of thiourea in essentially all of the 
fluids and tissues of the body. When a concentration of thiourea greater than 
1 mgm. per cent is present the recovery is almost 100 per cent (table 1). In 
fact, almost all thiourea can be recovered from the carcasses of rats if the animals 
are analyzed about one minute after injecting thiourea intravenously (fig. 2). 

Many substances, especially compounds with divalent sulfur linked to a single 
non-metallic element, react with Grote’s reagent to give a color. Creatinine in 
an acid solution or sodium thiocyanate and thiosulphate in neutral or acid 
solution produce a blue color with the reagent. Therefore, as in the estimation 
of thiouracil previously reported from this laboratory (4), the pH of the solution 
to be tested was adjusted to a pH of from 8.5 to 9 before the addition of Grote’s 
reagent. In this pH range no color was developed b}^ potassium sulfide, sodium 
sulfite, thiocyanate and thiosulphate, uracil, urea, creatinine, cysteine, cystine, 
glutathione, choline, methionine, thiamine and sulfanilamide when these sub- 

^ This investigation was aided in part by a grant from the Milton Fund of Harvard 
University. 
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Stances were tested in concentrations equivalent to about 60 n^. per 100 cc. 
of thiourea. This concentratirai was chosen as it is m excess to the quantities of 


thiourea that we were woriting with. 

In a stron^y acid solution, such as a pH of 2, thiourea develops a more intense 
color than at a pH of 8.5. However, as the pH of Grote’s reagent alone is lowered 



WAVE LENGTH (MLUMICRONSl 

Fig. 1. Absorption curve of the reaction product of Grote’s reagent with thiourea as 
obtained by a Hardy recording spectrophotometer. 



HOURS 

Fig. 2. Note the rapid rate of absorption and excretion of thiodrea in a normai individual 
given ^ mgm. of this substance by mouth. 

the more intense is the color. Grote’s reagent turns green when made wid. 
Normal blood and Grote’s solution when mixed in equal amounts pve a pM ot 
about 8. A maximal color development was found to occur in 15 mmutes and it 
remained stable for at least two and three-quarter hours. 

In the estimation of thiourea in whole blood it is necessary to free it from t e 
red and white cells, otherwise most of the drug remains in the protem precipitate. 
• Thiourea is liberated from hemolyzed blood^^y digestion with trypsm; for t e 
analysis of serum, digesticai is unnecessary (see below). 
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In essentially all of the determinations where protein precipitation was desired, 
sodium tungstate and copper sulphate were used together, since this method of 
precipitation was successful in the estimation of thiouracil whereas most of the 
acid precipitants were unsatisfactory. However, in the determination of thio- 
urea we have used tungstic acid and trichloracetic acid a few times with satis- 
factory r^ults. 

An aqueous solution of thiourea is almost entirely destroyed within a few 
minutes by autoclaving or boilmg. Therefore the solutions which were injected 
intravenously in man were made up in physiological saline and sterilized by 
Berkfeld filtration. Since some of the drug was lost during this procedure it 

TABLE 1 


Recovery of thiourea added to bloody urine ajid tissue suspension 


ADDED 

BLOOD 

UBXNE 

LIVED 

Recovered 

Per cent 

Recovered 

Per cent 


Per cent 



recovery 


recovery 


recovery 

tngm./lOO cc. 

mgm./lOO cc. 


mgm. f 100 cc. 


mgm. f 100 cc. 


0.4 

0.3 

75 

0.4 

100 

0.4 

100 

0.8 

0.7 

87 

0.8 

100 

0.8 

100 

1.6 

1.6 

100 

1.6 

100 



2.4 

2.2 

92 

2.4 

100 



3.2 

3.2 

100 

3.2 

100 

3.0 

94 

4.0 

4.0 

100 

4.0 

100 

3.8 

95 

8.0 

8.0 

100 

8.0 

100 

7.8 

97 

10.0 

10.0 

100 

10.0 

100 



16.0 





15.0 

94 

24.0 





23.0 

96 

32.0 





32.0 

100 

40.0 





38.0 

95 

60.0 





60.0 

100 

100.0 





100.0 

100 


was necessary to estimate the quantity remaining. The solution given intra- 
venously to rats was prepared in this manner immediately before use but was not 
sterilized. 

Estimations of the water content of tissues and fluids were made by subtracting 
the wet weight from the dry weight of specimens. 

Results. Absorption, That thiourea is very rapidly absorbed from the 
gastro-intestinal tract has been repeatedly demonstrated in this laboratory by 
examining the blood and urine at frequent intervals following its ingestion. For 
example, in a normal fasting individual given a 200 mgm. tablet of thiourea, some 
drug was found in the blood 15 minutes later (fig. 2) and the maximal concentra- 
tion was obtained after 30 minutes. Furthermore, an appreciable amount 
appeared in the urine within 30 minutes. 

Distribution, The blood cells acquire a greater concentration of thiourea than 
does the plasma; in these cells the drug becomes bound to protein. The red cells 
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Store a larger total amount than do white cells, but a smaller q^tdy “ 
cell For example, one patient was pven 0.4 gram of thiourea three times d^y 
for 2 daye and then 1 gram one hour before a blood sample was drawn. ^ 
hematocrit showed that 40 per cent of the blood consisted of packed red b o^ 
cells 0.1 per cent white blood cells and 59.9 per cent plasma. The white blood 
count war8,700 with a nomal differential count and the red bl^d count w^ 
4 600 000. The distribution of thiourea, expressed as mgm. per 100 cc of whole 
a. tonowa: pla»n., 0,72; Hood cdU, 1.92; white O-Wl «»d ^ 
ceUs 1 20. The same relative distribution was obtamed tn t^tro by adding thi^ 
urea’ to normal blood, 5 mgm. per 100 cc., and incubating the mixture at 37 C. 

^"^Illte-gWen 0.1 per cent of thiourea in the drinking water for several days 

showed a marked variation in the concentration of this substance in 

Some tissues contained a greater concentration than blood whereas others had 


Destruction in the body. It has been demonstrated (5) that marked destruc- 
tion of thiouracil takes place in the body, essentially all tissues ^v“ig_ the 
capacity to breali down this drug. As shown below, thiourea has a similar fate 
Each of 15 rats, fasted for 12 hours and weighmg approximately 125 grams, was 
given 1 cc. of a 500 mgm. per cent solution of thiourea into the femoral vein. 
Care was taken to ensure that thiourea did not extravasate. Under ether 
anesthesia the vein was exposed and a 26 gauge needle was used for the “Oectaom 
After withdrawal of the needle the opening in the vein was cauterized. Dur g 
the experiment the animals were kept in beakers and any “ 

the container was washed out and added to the carcass. Five of these animds 
were killed by a blow on the head one minute after mjection, 5 were killed at the 
end of one hour and five were killed after 3 hours. A fairly ™ 

of each animal was prepared in the manner previously describe ( ) 
estimation was made of the total amount of thiourea present m the car^s^ 
The accuracy of this method of analysis is indicated by the results obtamed in 
the signals kUled one minute after iniection (fig. 3), which mdicates that from 
88 to 100 per cent, or an average of 96 per cent of the admmis ere mg, 
recovered from these animals. After one hour 55 per cent, ^d after 3 hours 
per cent, remained in the carcass. Thus the destmction of the dmg proceeds 
rapidly, but not at a uniform rate either in the same or in other rats. 

Distribution pf thiourea in reMion to body water. Four male rats were fasted 

for 12 houre and were given intravenously, in the manner descnbed above 0.25 
cc. of 2 per cent thiourea. Two hours later, under ether an^thesia, about 2 c^ 
of blood was withdrawn from the aorta and the animal was ^ 

on the head. Samples of liver and muscle were taken for anaylsis. Jhe^ 

and thiourea content of the liver, muscle, blood and 

The concentration of thiourea in the blood was remarkably constot bi^t w^ 
quite variable in the other specimens (table 2). Wh® the amount of thiourea 
was considered in proportion to the water nont^t of 

was found to contain several times as much thipurea as did muscle and the 
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concentration in the carcass differed from that in muscle and liver, but was more 
nearly that of blood. The amount of the drug in the same type of specimen from 
different animals, e.g., the concentration of thiourea in the liver, also varied a 
great deal. Presumably, about 40 per cent of the thiourea was destroyed. 

In another series of experiments a study was made of the relation of the con- 
centration of thiourea in the plasma and whole blood to the total body water. 



Fig. 3. Recovery of thiourea from whole rats following the injection of 5 mgm. of this 
chemical intravenously. Each column represents the results of analysis in one rat. 

TABLE 2 


The distribution of thiourea in liver, muscle, carcass and blood of rats 
in relation to water content 


XAT 

LIVER 

MUSCLE 

BLOOD 

CARCASS 

THIO- 

UREA 

TOTAL 

MGM. 

TU 

EN- 

TIRE 

RAT 

Per cent water 

Mgm. Tu/* 100 
gm. W.W.f 

Mgm. Tu/lOO 
gra. D.W.t 

Mgm. Tu/lOO 
cc. water 

Per cent water 

Mgm. Tu/lOO 
gm. W. W. 

Mgm. Tu/lOO 
gm. D. W. 

Mgm. Tu/lOO 
cc. water 

Per cent water 

Mgm. Tu/lOO 
gm. D.W. 

Mgm. Tu/lOO 
cc. water 

Mgm. Tu/lOO 
cc. blood 

Per cent water 

Mgm. Tu/lOO 
gm. W. W. 

Mgm. Tu/lOO 
gm. D. W. 

Mgm. Tu/lOO 
cc. water 

Per cent 
recovery 

A 

71 

11.5 

39.8 

16.3 

76 

4.1 

17.4 

5.5 

78 

27 

7.0 

6 

75 

4.0 

26.6 

8.9 

2.9 

58 

B 

71 

! 8.7 

30.2 

12.4 

76 

2.2 

9.4 

2.9 

83 

35 

7.2 

6 

75 

4.3 

17.2 

5.7 

3.1 

63 

C 

71 

14.8 

51.0 

20.8 

74 

1.1 

4.3 

1.5 

79 

31 

7.6 

6 

76 

5.2 

21.6 

6.8 

3.1 

64 

D 

72 

16.4 

58.6 

14.5 

81 

0.8 

4.0 

0.9 

83 

35 

7.2 

6 

75 

3.4 

13.6 

4.5 

2.7 

63 


* Tu — Thiourea, 
t W.W.—Wet weight, 
t D.W. — Dry weight. 


Ten rats in different states of hydration were used for the investigation. Three 
rats, classed as ‘^markedly dehydrated^' were given no water for 60 hours pre- 
ceding the test. Four rats, considered as “moderately dehydrated," were 
given no water for 24 hours before the test. Three rats, designated as “hy- 
drated", were permitted water until the thiourea was injected. None of the 
animals was given food during the 24 hours before the test. The hydrated 
animals were given 4 cc. of saline, intravenously, 30 minutes before the thiourea 
was given. Each of the 10 rats was given 5 mgm. of thiourea, the dehydrated 
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antoals receiving this in 0.6 cc. of saline, while the others received it in 4 cc. of 

saline. Several of the hydrated animals di^ of pulmonary ra^was 

tv, A others were dvspneic and cyanotic. After 2 hours each of the rats was 
tSh X' Ld about 3 oc. of blood waa witbdm™ tmn th. ao^ 
then quickly kUled. The gaatro-inteetinal tr^t wja r^ov^ 
and analyaed eepa«tely. A euepenaion of the can=j» 
nrpviouslv described and estimations were made of the total water an 
SXrcaea. The urine paaaed dunn* the 
and analvzed separately. The amount of thiourea m the urme and m tne 
^tXJSnd Let wL relatively InMgnificant. being le» than 6 per cent of 

the quantity injected. 

TABLE 3 


8. 


Markedly 

dehyd- 

rated 

Moderately 

dehyd- 

rated 


Hydrated 


1.9 

2.0 

1.9 

2.0 

2.0 

2.0 

2.0 

2.0 

2.6 

2.0 


I 

it 


a 

§ 

u 


18.1 


25 

25 

22.21 

22 . 2 ! 

24 

31 

40 


WHOLE BLOOD 

CASCASS 


Mgm. Tu per cent 
whole blood 

Per cent water ' 

Mgm. Tu/lOO gm. 
dried blood 

Mgm. Tu/lOO cc. 
water 

Mgm. Tu re- 
covered 

Per cent water 

Mgm. Tu/lOO 
gm. wet wt. 

Mgm. Tu/lOO 
gm. dry wt. 

Mgm. Tu/lOO 
cc. water 

S 6 

69 

19 

8.6 

1.8 

70 

0.81 

2.7 

11.5 

6 

68 

18.7 

8.9 

3.6 

71 

1.61 

5.54 

21.8 

6 

68 

18 

8.4 

3.2 

70 

1.95 

6.5 

27.6 

6 

69 

19 

8.5 

2.94 

74 

1.61 

6.18 

21.8 

6 

70 

19 

8.8 

3.2 

78 

1.7 

6.34 

23.4 

5.8 

74 

22 

7.9 

2.7 

74 

1.49 

5.7 

20 

6 

75 

24 

8.0 

2.45 

72 

1.35 

4.84 

18.4 

6 

76 

25 

7.9 

2.0 

76 

0.89 

3.7 

11.6 

6 

76 

25 

7.9 

2.16 

78 

1.56 

7.1 

20 

6 

76 

25 

7.9 

2.66 

79 

2.0 

9.52 

25.4 


TOTAL SAT 


1. 

3.78| 

3.41 

3.12 

3.56| 

3.05 

3.57 

2.061 

2.22 

2.81 


it e 


ii 


|221 

218 

164 

182 

187 

181 

181 

225 

138.51 

132 


226 


u 


154 

155 
114. 

134.7 

136 

134* 

130 

171 

108 

104 


ill 

8si 

549 ? 


1.53 

1.48 

2.05 

1.76 

1.73 
1.69 

1.74 

1.33 

1.65 

2.27 


the serum, assuming that thiourea is uniformly dis- 

• Uaiouiaiea on xiue uoow 

tributed throughout the body water. 

It may be clearly seen from the data presented in table 3 tlmt the concentration 
of thiourea in the blood or in the plasma does not mdicate the amount of wa 
in the body Although the water content of the blood was distinctly differen 

1 to S^up. animal, to concentration of thiourea in to ptonra rim»t 

The amount of thiourea per 100 cc. of water m the plasma, blood and 
carcass varied a great deal. The amount of water actually ^und m the ^^als 
was considerably less than the quantity calculat^ to be 
the concentration of thiourea in the plasma, and 
amount calculated on the basis of the findmgs m ^e blood ^bte 3). 

Excretim. Examination of stool specimens saved oyer a ^nod of “ 

2 subiects receiving 0.6 gram of thiourea daily showed no thiourea. The drug 

I'XeXtcdta to urine, appenrinriritlnn ^minute, ato 

L rate of excretion occurs within to hmt one or two hours (fig. 2). 


absorption, DISTBIBXPnON AND EXCRETION OP THIOUREA 


721 


Within 3 days after the cessation of treatment with thiourea this substance has 
disappeared from the blood and urine of normal individuals. However, with 
doses of about 0.6 gram daily only about one-third of this amount is excreted in 
the urine. 

When thiourea in doses of about 500 mgm. in saline was injected intravenously 
and urine specimens were collected frequently it was found in 12 normal individ- 
uals that about 3 per cent was excreted in the urine in the first 30 minutes (table 
4). Three patients with moderate to severe impairment of renal function 
excreted an average of only 1 per cent. Moreover, 2 subjects with pronounced 
Laennec's cirrhosis excreW only 1.1 per cent. The maximal rates of excretion 
in the normal individuals occurred in the first hour and progressively declined 
thereafter. Very little was excreted after 24 hours and none after 48 hours. 
Although the 2 patients with cirrhosis excreted the drug slowly at first, by the 
end of 24 hours they had an essentially normal excretion; they excreted none 


TABLE 4 

Per cent of thiourea excreted in the urine following its injection intravenously in doses of from 

JfiO to 580 mgm. 


SUBJECTS 

HOUES 

Type 

1 No. 


1 

2 

4 

8 

24 

48 

Normal 

12 

3.5 

(2-6) 

6.7 

(4. 7-7. 2) 

9.2 

(7-11) 

12.6 

(10-15) 

22.8 

(21-26) 

33 

(16-42) 

35 

(31-42) 

Nephritic . . . 

3 

1.0 

(0.9-1. 2) 

j 

3.1 

(2. 7-3. 5) 



6.6 

(1 case) 


Cirrhotic .... 

2 

1.1 

(1.0-1. 2) 


6.7 

(3-11) 



32.5 

(30-35) 

32.5 

(30-35) 


after the first 24 hours. The nephritic patients exhibited a marked impairment 
in the excretion of thiourea. 

Discussion. Thiourea has not proved to be very satisfactory in the treatment 
of thyrotoxicosis, due to the smell, nausea, skin rashes and fever which it not 
infrequently produces. Although its use as an indicator of the total body water 
has been considered (2, 3, 8, 9), it is not very satisfactory for this purpose. The 
diffusion of thiourea throughout the body has been regarded as perhaps similar 
to that of urea (2), which has been stated to diffuse equally throughout the body . 
A recent report (11), however, indicates that urea is not distributed uniformly. 
Moreover, as shown above, there is a marked variation in the proportion of 
thiourea to the water content in various tissues and body fluids. Furthermore, 
it is rapidly broken down in the body at an irregular rate. Therefore, the 
apparent volume of distribution is far in excess of the actual volume of watei. 
Thiourea has been shown to be excreted by the kidneys in a manner similar to 
the excretion of urea (1,9). With impaired renal function there is a decreased 
excretion of thiourea. The specific breakdown products of thiourea ha\ e not 
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been deteUBined* However, following its administration to normal individuals 
tbere is an increased excretion <rf neutral sulfur in the urine (6, 12). 

SUMMARY 

Methods for the estimation of thiourea have been modified for the determina- 
tion of the concentration of this substance in any of the fluids and tissues of the 
body. 

Thiourea is rapidly absorbed from the gastro-intestinal tract and is rapidly 
distributed throughout the tissues and fluids of the body; its concentration in 
the tissues varies widely. The distribution of thiourea correlates poorly with 
the water content of body fluids and tissues; the apparent volume of distribution 
far exceeds the actual content of body water. The substance is broken down in 
the body in a rapid and inconstant manner. No thiourea is excreted in the 
stools, but it appears in the urine within 30 minutes after ingestion. None of 
the substance is usually found in the urine 48 hours after cessation of therapy. 
In patients with nephritis there is a distinct impairment in the excretion of thio- 
urea. 
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One of the electrocardiographic features of an acute myocardial infarction, 
the current of injury, may be produced by other types of injury such as burning 
or by treating the surface of the heart with an isotonic solution of KCl. As 
far as their influence on the electrocardiogram is concerned, they are indistin- 
guishable, apart from the question of reversibility, creating the appearance of 
a displacement of the S-T segment which appears to be due to a deviation of 
the diastolic base-line in the opposite direction (1). 

The method of potassium chloride application, which may therefore be con- 
sidered to have validity regarding the question of localization of injured regions 
of the heart, does in fact permit geographical localization of the site of injury 
with some exactness (2, 3). Damage to the right ventricle results in the appear- 
ance of a depressed S-T segment which is manifested in lead III if the damage is 
restricted to the anterior surface, and which develops in lead I if the posterior 
surface alone is damaged. If the damage extends over both anterior and 
posterior surfaces of the heart, the electrocardiographic changes are noticeable 
in both lead I and lead III. Left ventricular damage, on the other hand, results 
in elevation of the S-T segment. Anterior left ventricular damage influences 
lead I, and posterior left ventricular damage becomes apparent in lead III. 

Application of KCl to the anterior surface of the heart, overlapping the septum 
and involving both right and left ventricles, will give results predictable from 
the simpler situation above; anterior right ventricular damage will be manifested 
in lead III as depression of the S-T segment, while the damage to the anterior 
left ventricle will produce an elevation of the S-T segment in lead I. By similar 
reasoning it can be calculated that posterior damage, affecting both ventricles, 
will produce a depression of the S-T segment in lead I and an elevation of the 
segment in lead III, and the prediction is borne out experimentally. 

The extension of these facts to the interpretation of the damage produced by 
occlusion of coronary arteries meets with certain theoretical objections. One 
of these concerns the extent of an infarct as compared with the injury following 
the application of KCl. If the endocardium were also involved, according 
to one theoretical treatment of the influence of an injury current, quite different 
results might be obtained than if the outer surface alone were involved. Another 
account has it that the electrocardiographic signs of an infarct are related to 
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the 8|)e(^ muede-bundle depri^ m Istood, simple ^ografduoal 

leisiiim to the muiace of the heart supplied by the artery oeclucM (4). Beeulte 
of experimental ligature of selected oowmaiy arteries are not completely in agree- 
ment (6, 6), fcwr a number of reasons related to the selection of arteries to be ligated 
and the variability in the regions supplied by each artery, the leads used in 
recording, and the cchdithm of the lungs and the chest opening during recording 
(7, 8). In any event, there is no clearcut recognition of the four fundamental 
localizing pattern that can be made out with the potassium method. 

A further aid in localization is afforded by study df the ventricular extrasystoles 
that ari^ when an area the heart is damag^ by coroiuuy ligation. These 
extxasj^toles, which are almost invariably prraent in the dc^, undoubtedly 
arise from m around the damaged area, as has been most clearly demon- 
stratedby Harris and his co-worfcers (9). Since it is possible to make an accurate 
locahmtion of the site of origin of a ventricular extrasystole in the dog, an addi- 
tional electrocardiographic localizing sign becomes available (10). The^^present 
report concerns the study of electrocardiographic localization by both methods 
simultaneoulsy, and it will be seen that the two methods are in agreement. It 
might be pointeid out explicitly that the experiments reported here deal only 
with the deviations of the S-T segment associated with the persistence of an 
injury current, and do not concern, although they are not incompatible with, 
the localization of healing infarcts by QRST changes. 

Method. Thirteen dogs were employed. They were deeply anesthetized 
with Dial, and the heart exposed as previously described. Ischemia was pro- 
duced in four regions of the heart, a, right lateral; h, left lateral; c, anterior; 
d, posterior; by occlusion of the appropriate descending coronary arteries sup- 
plying those regions. In the right and left lateral positions a and b the regions 
of ischemia were restricted to a single ventricle and could be recognized readily 
as sharply-circumscribed blue areas. In c and d, on the other hand, occlusion 
of veraels descending at the septum, both anterior and posterior, produced 
well-marked ischenuc regions in both the right and the left ventricle on each 
side of the septum. The lungs were expanded, the chest wall closed with clips, 
and the artificial respiration suspended, so that the animal breathed sponta- 
neously. Ventricular extrasystoles appeared after a variable interval, were 
first observed in the cardioscope and then were recorded in leads I and III 
simultaneously by means of a Sanborn Tribeam. The same record showed the 
pattern of S-T segment deviation in the supravraitricular complexes together 
with the con%tiration of the ventricular extrasystoles. 

REStnurs. - A . litdtetma of lateral region of the right ventride. In five experi- 
ments ischemia was produced in and around the center of the right vmtricle 
(fig. 1 A, B, G). The characteristic electrocardiographic pattern of exclurively 
right ventricular damage appeared, namely, depression of the S-T segment 
in both lead I and lead III. The configuration of the associated ventricular 
extrasystoles which appealed spontaneously indicates that their site of origin 
was in the lateral region of the right ventiide because the mitml deflection is 
exdusivdy upright in both leads I and HI. ~ ^ 
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B. Left lateral ischemia. Records of left lateral ischemia from five experi- 
ments are also shown (fig. 2 A, B, C and fig. 3 A, B, C). In each instance the 
supraventricular complexes showed the S-T segment elevation characteristic 
of damage to the left ventricle. These were present in both leads I and III, 
indicating that both anterior and posterior parts of the ventricle were involved. 
The accompanying ventricular extrasystoles show a variety ol origins, all ol 
them, however, from within the left ventricle. Thus in figure 2 A the presence 
of a QSi and an RSa indicates that the extrasystole originated in the anterior 
portion of the left venti'icle. Figure 2 B shows an extrasystole with a QSi and a 
small w-shaped QRB3, from which it can Ix' inferred that the extrasystole arose 
ncmr the ape‘x in the anterior portion of the left vcaitricle. Tlie and RS.s 


A B 

I ) 

;V 




v. 






I, I ! 


B 


Fig. 1 Fig. 2 

Fig. ] A. April 28, 1943. Fight iniiiulos aft(‘r occlusion of th(‘ right coronary artery near 
the right lat(‘ral margin of the heart . This jjroduced a large area of isclHunia extending from 
l)as(‘ to apex at the lateral margin of the right vent rich* which did not involve th(* l(‘fl 
ventricle of the ai)ex. 

IF April 29, 1913. Forty minutes after occlusion of the right coronary artery similar 
to A. 

C. August 19, 1943. Four hours after an occlusion of the right coronary artc'ry similar 
to A and IF 

Fig. 2. April 27, 1943. Occlusion of a branch of the left circumflex artery desc(‘nding to 
the apex along the lateral margin of tlx* l(*ft ventricle. A, It and O: taken (), 7 and 8 minutes 
after occlusion. 

of the extrasystole in figure 2 C localize its site of origin in th(‘ anterior 
portion of the h'ft ventricle, whik* the larg(' amplitude of both leads I and III 
sugg(*.sts that this ('xtrasystole arost' nearer the base than did those in 2 A 
or IF In figure 3 B and C are two short iTins of ventricular tachycardia, from 
foci changing from antinior left to left lateral, as evidenced by the persistent 
QSi and a shift from RS3 to (J83. 

(J. Anterior septal ischemia. Ligation ol the antei’ior descending artery pro- 
duced an ischemic area overlying the anterior portions ol both right and lelt 
ventri(des. The anterior kd’t ventricular damage is recorded in lead I as an 
elevation of the S-T segment, while the damage to the anteiior right ventricle 
is recorded in lead III as a depression of the S-T segment (fig. 4 A, 1^, C). A 
typical anterior septal pattern in seen in the extrasystole ol figure 4 A, which 
shows a characteristic (JSi and R3. The extrasystole of figun' 4 B arises sonu'- 
what to the left of the septum since it shows a (^Si and an RS3. On the other 
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hand, the extrasystole of figure 4 C arises to the right of the anterior septum, 
since it exhibits a QRi and Rs- 

D. Posterior septal ischemia. Ligature of the arteries descending along the 
posterior septum produced a zone of ischemia covering both right and left 
ventricles in and around the region of the posterior septum. The right posterior 
damage is recorded in lead I in the characteristic depression of the S-T segment 
while the damage to the posterior left ventricle leads to the development in 
lead III of an elevation of the S-T segment (fig. 5 A, B). The accompanying 
extrasystoles in both A and B show an RSi and a QSs which locate theii' origin 
to the left of the posterior septum. 



Fig. .3 Fig- 4 

Fig. 3 A. April 28, 1943. Occlusion of the left lateral descending branch of the left 
circumflex for 25 minutes. 

H and C. Afiril 23, 1943. Continuous record taken 5 minutes after ligation of the left 
lateral descending branch of the left circumflex. In all experiments there was a very (;leaily 
defined area of ischemia which involved the lateral portion of the left ventricle as well as the 
apex, but did not encroach upon the right ventricle. 

Fig. 4 A. August 26, 1943. Occlusion of the anterior descending artery near the base for 

11 minutes. 

B. April 23, 1943. Four minutes after ligation of the anterior descending artery near the 
base . 

C. April 25, 1943. Twenty-two minutes after occlusion of the anterior descending artery 
near the base. In all of these experiments the zone of ischemia involved the anterior surface 
of the heart, and included portions of both right and left vent rides. 

In many records the displacement of the S-T segment seen in the supraventric- 
ular complex is also exhibited by the extrasystole. 

In a number of experiments the occluded artery was released before permanent 
damage was produced, and the electrocardiogram subsequently returned to 
its configuration in the control. A second area was then rendered ischemic, and 
when extrasystoles appeared it was found that they arose in the new area of 
ischemia. 

Discussion. The results of the experiments reported here indicate that 
damage to the heart produced by occlusion of coronary arteries may be localized 
by means of the displacement of the S-T segment. The patterns so produced 
follow the simple geographical distribution of the occluded vessels, as indicated 
by the general course and direction of the artery,^ and by the region which becomes 
cyanotic when the artery is occluded. As far as the S-T segment changes are 
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concerned, they follow the very same pattern produced by surface applications 
of potassium chloride. 

The extrasystoles which arise in the zone of damage indicate their origin by 
their configuration in leads I and III, and in every instance there was complete 
agreement between all four localizing factors: 1, the position and course of the 
artery occluded; 2, the region of the heart which became cyanotic^ when the 
artery was ligated; 3, the pattern of S-T deviation, and 4, the configuration of 
the ventricular extrasystoles. 

Insofar as the dog is concerned, therefore, and it is the animal employed in 
the majority of previous experimental studies on this topic, four localizing 
patterns may be made out, being combinations of two basic patterns. Injury 
to the right ventricle produces an apparent depression of the S-T segment, which 
is registered in lead I if the damage is to the posterior part of that ventricle. 



Fig. 5 A. April 29, 1943. Tormiiial hninchos of both right arid hd't coronary arteries de- 
sc(‘nded from the base toward th(‘ ap(‘x mair th(‘ })osterior septum. Th(‘y were botli ligated, 
giving a single area of isclumiia cov(*ring th(‘ s(^ptum and portions of l>oth right and left 
v(‘ntricles. Th(‘ record was taken 22 minutes after occlusion. 

H. August 20, 1943. Posterior d(‘sc(mding t(‘rminations of right and hdt (‘oronary arteries 
tied as in A, and the record H taken 4 hours later. 


If the damage is anterior, lead 1 1 1 is invoh^t^d. Left ventricular damage produces 
an ekwation of the S-T segment noticeable in lead I if the anterior part is damaged 
and in lead HI when the posterior portion is the site of damage. When the 
S-T segment is deviated in opposite directions in leads I and III, both right 
and left ventricles have btnm damaged by an injury involving the septum and 
adjacent portions of the two ventri(d(\s. Elevation in lead I and depression in 
l(‘ad III indicate anterior damage, whik' depression in lead I and elevation in 
lead III denote posterior damage. 

These findings are in accord with the usual practice in interpn'ting tli(' (‘lectro- 
cardiographic? signs of infarction in man, in so far as a distinction between anterior 
and posterior damage is made. They are e(|ually in accord with earlier obser- 
vations on experimental animals in whi(;h the same distinction could be made 
(5, 6). In clinical practice a.s well as in animal experiments the contribution 
of right ventricular damage to the patterns described has, however, not received 
adequate recognition, apart from the work of Barnes and Mann (0), who con- 
cluded that ‘‘infarction in one ventricle produces electrocardiographic^ effects 
which are characteristic and oppased to effects produced by the other ventricle.” 
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This has been due in great part to the fact that pathological changes in the 
myocardium of the right ventricle arenotoften found at post-mortem examination. 
Inasmuch as the injury current resulting from ischemia may be fo lowed by 
complete recovery, as some of these experiments show, it is more than likely that 
the zone of ischemia which gives rise to S-T segment displacement after coronary 
occlusion is much more extensive than the region of irreversible damage. Ihis 
must be particularly true of the right ventricle, where the lesser work load 
might permit greater opportunity for recovery through collateral circulation. 
This may be the reason why patterns, which from these experiments would be 
interpreted as indicating both right and left ventricular injury, have been 
reported in cases which on autopsy showed no substantial right ventricular 

damage* 

Barnes has observed that, when the injury was carefully limited to the left 
ventricle, only elevation of the S-T segment resulted. These experiments 
which confirm his observations on exclusively left ventricular localization, add 
the concept of the contribution to the elctrocardiogram of right ventricular 
damage. When such damage' is restricted to the right ventricle, only depression 
of the S-T segment is seen in any of the standard limb leads. When it is combined 
with damage to adjacent regions of the left ventricle, leads I and 111 show S-T 
segment changes in opposite directions. Whether in combination with S-1 
elevation or alone, S-T depression following ligation of coronary arteries indi- 
cates damage to the right ventricle. 

Study of the configuration of ventricular extrasystoles that arise spontaneously 
after occlusion of coronary arteries offers an additional means of localizing the 
site of injury. The configurations in leads 1 and III oi the QRS portions of the 
complexes, as well as the pattern of displacement of the S-T segment may be 
utilized. The former localizes the origin of the extrasystoles, which in confirma- 
mation of Harris and co-workers (9) is demonstrated to lie within the damaged 
area, while the latter localizes the injury current, as does the same change in 
the supraventricular beat. 

SUMMARY AND CONCLUSION 

1. Myocardial damage was produced in four regions of the dog heart by means 
of appropriate ligation of coronary arteries. These were a, right and left ventri- 
cles exclusively, and b, anterior and posterior regions involving adjacent portions 

of the right and left ventricles. • , , t i ttt 

2. The changes in the S-T segment of the electrocardiogram m leads 1 and 111 
were the same as produced by KCl injury in the same regions, namely, a, de- 
pressed S-T segment with right ventricular damage; 6, elevated S-T segment 
with left ventricular damage; c, elevation of S-Ti and depression of S-Ta with 
anterior damage, and d, depression of S-Ti and elevation of S-Ts with posterioi 

damage. , 

3. The ventricular extrasystoles which appeared spontaneously alter coronary 

occlusion showed configurations which indicated that they originated within 
the damaged area. They showed S-T segment changes which were the same 
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as in the Supraventricular complexes. Thdr configuration in the electrocardio- 
gram may therefore serve as a localizing sigo in myocardial damage. 
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